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ON  THE  DARK  :\L\RKINGS  OF  THE  SKY 

WITH  A  CATALOGUE  OF  182  SUCH  OBJECTS 

By  E.  E.  BARNARD 

It  would  be  un\\'ise  to  assume  that  all  the  dark  places  shown 
on  photographs  of  the  sky  are  due  to  intervening  opaque  masses 
between  us  and  the  stars.  In  a  considerable  number  of  cases  no 
other  explanation  seems  possible,  but  some  of  them  are  doubtless 
only  vacancies. 

I  do  not  think  it  necessary  to  urge  the  fact  that  there  are  obscur- 
ing masses  of  matter  in  space.  This  has  been  quite  definitely 
proved  in  my  former  papers  on  this  subject.  If  any  doubt  remains 
of  this  it  will  perhaps  be  readily  dispelled  by  a  close  examination 
of  the  photographs  pre^•iously  printed.  The  conclusive  ones  I 
think  are: 

1.  The  photograph  of  the  nebula  about  Nu  Scorpii"^  which 
clearly  shows  partial  and  complete  obscuration  by  the  great  wing- 
like nebula  that  covers  much  of  the  irmnediate  region  of  Nu  Scorpii 
and  extends  southward  to  the  great  nebula  of  Rho  Ophiuchi. 

2.  The  region  of  Rho  Ophiuchi,  where  a  large  space  of  sky  is 
blotted  out  by  a  great  and  beautiful  nebula.^  The  fact  of  obscura- 
tion is  clearly  evident  here,  for  wherever  a  trace  of  the  nebula 

'  Astrophysical  Journal,  31,  1910,  Plate  I,  facing  p.  8. 
^  Ibid.,  Plate  Ila,  facing  p.  10. 
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extends,  especially  to  the  west,  the  general  background  of  small 
stars  is  sharply  blotted  out. 

3.  Especially  conclusive  is  the  object  (No.  7)  which  is  shown 
in  an  article  in  this  Journal^  on  a  nebulous  background  in  Taurus, 
where  a  nebula,  only  partly  luminous,  seems  to  fit  in  a  hole  in  the 
sky.  Even  a  casual  inspection  shows  that  this  nebula  can  be 
feebly  seen  over  the  entire  spot  where  all  the  stars  are  blotted  out 
sharply,  and  that  the  absence  of  stars  is  due  to  the  obscuring  pres- 
ence of  the  nebula.  This  object  is  really  the  key  to  the  explana- 
tion of  most  of  the  dark  regions  of  the  sky. 

4.  The  small  black  spot  (No.  92)  shoAMi  in  the  photographs 
in  this  Journal  for  December  1913,^  where  \'isual  observations 
prove  the  existence  of  a  material  object. 

To  me  these  are  all  conclusive  evidence  that  masses  of  obscuring 
matter  exist  in  space  and  are  readily  sho\\Ti  on  photographs  ^vith 
the  ordinary  portrait  lenses.  What  the  nature  of  this  matter  may 
be  is  quite  another  thing.  Slipher  has  shown  spectroscopically^ 
that  the  great  nebula  about  Rho  Ophiuchi  is  probably  not  gaseous ; 
that  is,  it  does  not  have  the  regular  spectrum  of  a  gaseous  nebula. 
The  word  "nebula,"  nevertheless,  remains  unchanged  by  this  fact, 
so  that  we  are  free  to  speak  of  these  objects  as  nebulae.  For  our 
purpose  it  is  immaterial  whether  they  are  gaseous  or  non-gaseous,  as 
we  are  dealing  only  with  the  question  of  obscuration.  In  the  pres- 
ent paper  it  is  intended  to  give  a  catalogue  of  some  of  these  objects 
and  to  show  further  examples  of  obscuration  and  other  peculiarities, 
and  to  try  to  emphasize  the  fact  that  they  are  not  necessarily 
confined  to  the  JVIilky  Way  but  are  found  in  other  parts  of  the  sky 
as  well ;  and  also  to  bring  as  much  evidence  as  possible  to  prove  that 
these  extra-galactic  objects  show  that  space  is  itself  more  or  less 
luminous. 

Outside  of  these  examples,  where  the  object  is  partly  luminous, 
there  are  a  number  of  others  which  appear  to  be  entirely  devoid 
of  light.     These  are  naturally  best  shown  on  the  bright  background 

» Astro  physical  Journal,  25,  1907,  Plate  XI,  facing  p.  219,  and  Plate  XII,  facing 
p.  221. 

'  Ibid.,  38,  1913,  Plates  XIX  and  XX,  facing  p.  496. 
J  Lowell  Observatory  BuUeiin,  No.  75,  2,  155. 
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of  the  Milky  Way,  against  which  they  appear  black  on  the  photo- 
graphs. Fine  examples  of  these  Milky  Way  objects  are  the  black 
spots  in  a  =18^8^,  5=  -i8°i6'(Xo.  92),  and  in  a  =  17^55°^,  5  =  — 28° 
(No.  86),  which  are  so  striking  in  photographs  of  the  star-clouds 
in  Sagittarius/ 

The  last  of  these  two  is  ver>'  remarkable  when  seen  in  a  5 -inch 
telescope  with  a  low  power.  In  such  an  instrument  it  appears  like 
a  drop  of  black  ink  on  the  bright  background  of  the  ]Milky  Way. 
It  was  found  in  my  comet-seeking  in  the  early  eighties.^  On 
account  of  its  extreme  blackness  it  was  one  of  the  most  impressive 
objects  in  the  ]Milky  Way.  I  examined  it  with  the  36-inch  refractor 
of  the  Lick  Observatory  with  a  power  of  350  and  a  field  of  6',  on 
August  18,  1895.  It  nearly  filled  the  field  of  ^-iew.  The  western 
half  was  fairly  well  defined,  while  the  eastern  half  was  more  diffused. 
Considerable  nebulosity  seemed  to  be  connected  ^\^th  it.  A  photo- 
graph on  July  II,  1917,  \\ith  the  Crossley  reflector,  kindly  sent  me 
by  Dr.  H.  D.  Curtis,  shows  this  black  spot  to  be  very  remarkable, 
having  considerable  nebulosity  connected  "wdth  it.  On  his  photo- 
graph its  southwest  side  is  very  sharply  defined,  closely  resembling 
in  this  respect  the  east  side  of  the  black  spot  in  a  =  18^8™,  8  =  — 18° 
16'  shown  in  Plate  XX. ^  Its  east  side,  like  the  west  side  of  the 
foregoing  object,  is  more  or  less  diffused.  The  star  CD.  —  27°i2302 
(7^4)  is  on  the  northwest  border,  while  —  27^12310  (9^0)  is  close 
east  of  the  spot.  The  beautiful  cluster  of  small  bright  stars, 
N.G.C.  6520,  is  also  close  east. 

Visual  observations  actually  show,  however,  that  the  object 
No.  92  is  really  feebly  luminous.  All  those  that  are  in  the  Milky 
Way  are  not  necessarily  devoid  of  light,  for  they  may  appear  black 
by  contrast  ^^'ith  the  greater  brightness  of  the  ^Nlilky  Way.  There 
are  numerous  examples,  however,  which  are  not  in  the  Milky  Way 
and  which  are  perhaps  entirely  devoid  of  light.  It  would  seem  that 
such  a  body  would  be  lost  in  the  blackness  of  space,  but  they  are 

'See  various  plates  in  Publicatians  of  the  Lick  Observatory,  11,  and  especially 
Plates  49  and  54. 

'See  Astronomische  Xaclirichlen,  108,370,  1884,  where  it  is  described  as  "a  small 
triangular  hole  in  the  [Milky  Way.  Perfectly  black,  some  2'  diameter,  much  like  a  jet 
black  nebula." 

^  Astrophysical  Jaurnal,  38,  496,  1913. 
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visible  as  black  objects  against  space  itself.  I  have  previously 
explained  this  anomaly'  by  suggesting  that  space  is  probably  filled 
with  a  feeble  light  which  forms  a  slightly  luminous  background  for 
these  dark  bodies.  Further  investigations  have  fully  convinced 
me  that  this  is  actually  the  explanation  of  the  phenomenon,  for 
there  is  no  evidence  of  an  ordinary  nebulous  background  in  these 
cases.  Furthermore,  this  feeble  illumination  is  widespread  and 
undoubtedly  universal  (so  far,  at  least,  as  our  stellar  universe  is 
concerned),  for  these  dark  objects  are  found  in  opposite  parts  of  the 
sky,  where  there  are  few  stars,  and  away  from  any  possible  brighter 
background. 

One  of  the  finest  examples  of  a  dark  object  seen  against  the 
ordinary  sky  and  away  from  the  Milky  Way  is  No.  15,  shown  on 
the  photographs  in  a  =  4^ 2 2 '"50%  5=  +46°2i'.  It  is  elliptical,  10'  by 
15'  in  diameter.  The  background  on  which  the  stars  shine  is  uni- 
form over  the  entire  plate.  The  object  is  in  a  region  somewhat 
larger  than  itself,  where  there  are  relatively  few  stars,  and  is  black 
by  contrast  with  the  sky  alone.  It  clearly  shows  the  presence  of 
a  feeble  uniform  luminosity  in  space  which,  from  the  appearance 
of  similar  objects  in  widely  different  parts  of  the  sky,  leads  to  the 
belief  that  this  feeble  illumination  of  distant  space  is  universal. 
If  this  object  were  seen  against  the  star-clouds  of  the  Milky  Way 
it  would  appear  strikingly  black. 

There  is  another  and  very  similar  black  spot  (No.  48)  in 
0  =  16^53"",  6=  — 4o°3o',  close  west  and  north  of  the  eighth  magni- 
tude star  CD.  —40°!  1088.  There  can  be  no  doubt  that  this  is  a 
material  object.  There  are  a  number  of  other  similar  black  masses 
in  this  region,  as  shown  by  the  catalogue. 

Another  excellent  example  of  this  class  of  objects  is  No.  160,  in 
a  =  2i''34"47',  6=-f55°4i'.  The  body  of  this  marking  is  much 
broken  with  darker  masses.  It  is  convex  to  the  north  and  passes 
just  below  (south  of)  B.D.  -f59°229i  (S'^'o).  The  western  end 
curves  to  a  slender  "tail"  which  ends  close  southwest  of  B.D. 
-F59°2283  (8'^2).  The  eastern  end  widens  out  into  a  large  "head" 
containing  much  detail,  which  is  more  or  less  convoluted,  with 
sharply  defined  projections  like  the  horns  of  an  insect. 

'  Aslrophysical  Journal,  43,  i,  1916. 
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There  seems  to  be  no  question  but  that  this  is  a  real,  opaque 
object  seen  in  projection  against  space.  The  stars  in  this  region 
are  too  few  to  serve  as  a  luminous  background  and  there  is  no 
nebulosity  to  show  it  in  dark  reKef,  yet  it  stands  out  black  and 
strong  against  the  sky. 

In  previous  papers  I  have  dealt  mainly  with  the  larger  dark 
masses  and  occulting  nebulosities.  The  smaller  ones  that  are  now 
treated  of  are  perhaps  more  interesting  in  a  way  than  the  larger 
ones.  They  are  more  definite  and  in  a  sense  more  clearly  show  the 
effect  of  obscuration  of  the  smaller  stars. 

The  small  scale  of  the  portrait  lens  accentuates  the  blackness 
and  definiteness  of  these  objects.  This  is  a  valuable  asset  in  such 
a  lens;  it  draws  attention  to  pecuharities  which  might  be  lost  by 
diffusion  with  a  more  powerful  telescope.  They  are  worthy  of  a 
careful  study,  however,  with  some  of  the  large  photographic  reflect- 
ors. This  has  already  been  done,  as  I  have  stated,  in  the  case  of 
the  black  spot  (No.  86)  ma  =  ifs5'",^=- 28°,  by  Dr.  H.  D.  Curtis 
with  the  36-inch  Crossley  reflector  of  the  Lick  Observatory.  I  am 
sure  that  some  of  the  objects  shown  in  the  present  photographs  will 
give  very  interesting  results  when  similarly  investigated. 

There  are  two  regions  which  can  be  reached  from  the  northern 
hemisphere  that  are  specially  rich  in  these  dark  markings:  (i)  the 
region  immediately  north  of  Theta  Ophiuchi;  (2)  the  region  of  the 
great  star-cloud  in  Scutum  near  the  cluster  M  11.  There  are  other 
regions  in  which  black  markings  occur,  but  these  two  contain  the 
most  striking  ones,  striking  for  their  smallness  and  pecuharities. 

Some  of  the  dark  objects  in  the  remarkable  region  north  of 
Theta  Ophiuchi  are  so  strange  in  their  forms  that  we  would  find  it 
difl&cult  to  match  them  with  similar  forms  among  the  real  nebulae. 
This  in  itself  would  almost  discourage  the  supposition  that  they  are 
dark  nebulae,  and  one  would  rather  seek  some  other  explanation  for 
them.  In  other  parts  of  the  sky,  however,  there  seems  to  be  no 
need  of  hesitation  in  accepting  them  as  real,  obscuring  masses,  most 
probably  dark  nebulae. 

Perhaps  one  of  the  finest  of  the  large  dark  regions  (No.  78)  hes 
several  degrees  southeast  of  Theta  Ophiuchi.  It  is  a  large,  irregu- 
lar, dark  spot  some  3°  in  diameter  and  less  definite  on  the  eastern 
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side.  There  is  considerable  detail  in  it  of  a  more  or  less  nebulous 
character.  This  is  specially  evident  near  the  bright  star  CD. 
—  26°i2i52  (6'^'2).  Westward  from  this  region  a  broken  dark  lane 
extends  for  about  5°  to  what  I  have  called  the  "sink  hole,"  because 
of  its  peculiar  form  and  outHnes.  This  sink  hole  (No.  59)  is  full 
of  rich  detail.  Similar  structural  detail  shows  at  frequent  intervals 
along  the  broken  lane  (which  is  about  f °  wide)  to  its  origin  in  the 
larger  dark  region  southeast  of  Theta  Ophiuchi.  Splendid  half- 
tone reproductions  of  this  remarkable  region  have  been  pubKshed 
in  Popular  Astronomy.^ 

The  bright  nebulae  seldom  show  extraordinary  forms.  Some 
of  them,  however,  exhibit  structural  details  and  general  forms  that 
are  very  remarkable  and  that  sometimes  are  very  beautiful,  such 
as  the  zigzag,  streaky,  or  "lace"  nebula  in  Cygnus,  the  great  nebula 
of  Orion,  and  many  of  the  planetary  nebulae.  It  is  possible  then 
that  the  objects  north  of  Theta  Ophiuchi  are,  after  all,  only  excep- 
tions to  the  general  run  of  nebulous  forms  and  are  similar  to 
such  objects  as  those  in  Cygnus  and  elsewhere  among  the  bright 
nebulae. 

A  pecuUarity  of  the  dark  markings  in  the  star-cloud  in  Scutum 
is  that  some  of  the  well-defined  spots  are  uniformly  gray,  while 
others  are  either  entirely  black  or  have  much  blacker,  well-defined 
spaces  in  them.  In  nearly  every  case  their  outlined  are  very 
definite  and  few  have  stars  in  them. 

To  the  east  of  the  4'^^5  star  B.D.  —  4^4582  (6  Aquilae)  and  north 
of  the  cluster  M  11  is  a  beautiful  region  of  dark  structures  (No.  iii). 
It  forms  a  wide  crescent  with  the  convex  side  to  the  west,  sharply 
bounded  by  the  neck  and  head  of  the  splendid  star-cloud  in  which 
M  1 1  is  placed.  It  is  irregular  and  broken  to  the  cast.  Its  width 
north  and  .south  is  about  2°.  This  area  is  full  of  dark  structures, 
the  more  conspicuous  ones  being  Nos.  106,  107,  iro,  and  113.  The 
two  stars  B.D.  -5''4775  (8'^'3)  and  -5°4778  (8^*4)  are  near  the 
middle  of  this  region.     The  center  would  be  in  about  a  =  i8''44'", 

In  many  cases  one  side  of  a  dark  marking  is  very  definite,  while 
the  other  side  is  diffused.     This  occurs  so  often  that  there  must 

'  Popular  Astronomy,  14,  579  (December),  1906,  Plates  XIII  and  XIV. 
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be  some  reason  for  it.  The  same  peculiarity  is  sometimes  seen  in 
the  bright  nebulae,  the  great  nebula  of  Orion  being  a  striking 
example.  Three  of  these  objects,  which  are  very  much  alike, 
and  which  show  this  feature  strongly,  are  No.  50,  a  =  i6''54'°42% 
5=-34°i2';  No.  143,  a  =  i9^35'"30^  5=+io°43';  No.  160, 
a  =  2i^33'"4o%  5=+55°4o'.  The  first  two  very  closely  resemble 
each  other  in  size  and  form  and  the  third  differs  from  them  only 
in  a  small  degree. 

The  dark  object  (No.  133)  close  to  the  9^^2  star  B.D.  —7^4852, 
which  looks  Hke  a  negative  of  a  comet  with  a  curved  tail,  more  or  less 
fan-shaped,  was  examined  with  the  40-inch  telescope  July  14,  1917 
(see  Fig.  i).     It  was  clearly  evident  that  there  is  a  faint  hazy  object 
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Fig.  I. — Sketched  from  visual  observations  of  Nos.  115,  117,  118,  and  133,  with 
the  40-inch  telescope. 


at  this  place.  It  is  dull  and  feebly  luminous  compared  with  the  adja- 
cent sky.  It  is  very  dark  at  its  south  end  and  curves  northward 
for  nearly  10'.  The  northern  part,  which  is  more  diffused,  is  broken 
by  a  few  faint  stars.  Obscuring  matter  of  some  kind  certainly  exists 
at  this  point.  Furthermore,  it  is  not  black  except  by  contrast.  In 
this  respect  it  very  much  resembles  the  dark  object  (No.  92)  in 
a  =  i8''8™,  8=  —  i8°i6',  which  was  examined  with  the  40-inch  tele- 
scope in  July  1913.^  Two  other  objects,  Nos.  127  and  129,  were 
carefully  examined  on  this  date.  The  object  No.  127  is  similar 
except  in  form  to  the  one  just  described.  It  seems  to  be  a  dull, 
feebly  luminous  mass  as  in  the  case  of  the  other,  with  no  definite 
outline.     Sweeping  rapidly  over  these  objects  with  the  telescope 

'  See  Aslro physical  Journal,  38,  496—501,  1913. 
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there  is  no  hesitation  as  to  their  actual  presence  where  the  photo- 
graph shows  them.  There  is  no  evidence  of  ordinary  nebulosity 
at  these  points  except  the  feeble,  dull  appearance  described. 

One  remarkable  thing  in  this  visual  investigation  is  the  con- 
spicuousness  of  the  B.D.  stars  everywhere,  while  on  the  photographs 
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Fig.  2. — Sketch  map  of  Plate  I 

they  are  difficult  to  make  out.  Evidently  the  sky  comes  up  lumi- 
nous on  the  photographs  from  the  myriads  of  small  stars  not  seen 
in  the  telescope.  It  is  this  general  effect  of  unseen  stars  which  do 
not  show  individually,  either  in  the  telescope  or  on  the  photograph, 
that  helps  to  round  out  the  great  star-cloud.  Doubtless  there  is 
not  a  star  on  the  plate  that  cannot  be  seen  in  the  large  telescope, 
but  I  am  not  sure  of  this.  It  is  mainly  the  light  from  unseen  stars 
that  makes  the  white  background  of  the  photographs  against  which 
the  dark  markings  show  so  conspicuously. 
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In  these  observations  the  sky  was  satisfactory  and  the  seeing 
fairly  good.  To  me  the  result  is  conclusive  that  these  markings  are 
real  objects  seen  in  dark  rehef  on  the  bright  background  of  the  Milky 
Way.  They  are  certainly  not  holes  in  the  star-cloud.  The  definite 
outlines  which  appear  so  striking  on  the  photographs  are  not  seen 
in  the  sky.  They  are  lost  through  the  great  magnifying  power  of 
the  telescope.  On  July  18,  1917,  the  small  objects  Nos.  115,  117, 
and  118  were  similarly  examined  and  sketches  made.  The  spot 
No.  118  shows  some  detail,  or  different  degrees  of  darkness,  while 
No.  117  is  uniformly  dark  or  dusky. 

The  great  partially  dark  nebula  (No.  7)  in  a  =4^4 ""14^, 
6  =  +28°28',  reference  to  which  has  already  been  made  in  the  begin- 
ning of  this  paper,  is  irregularly  round,  with  a  wide  extension  to  the 
west  to  about  a  =4^1°^,  5  =  +27!°  or  +28°.  The  object  is  unevenly 
dark  with  a  brighter  condensation  in  its  eastern  part.  Its  diameter 
along  the  east  and  west  extension  is  2°;  north  and  south  its  diame- 
ter is  i?  2.  The  bright  condensation  (No.  10)  is  8'  in  diameter  and 
is  in  a=4''io™57%  5=+27°58!  There  are  several  small,  round, 
black  spots  in  the  northern  part  of  the  dark  nebula.  Their  approxi- 
mate positions  are: 

a  S 

4h  gm  6^     -f-28°3i:o      Indefinite;  diameter  8' 
4    9   26      -f  28  20.5      Round;  diameters' 
4  10   10      +28  21.6      Round;  diameter  5' 

4  10  44      +28    9.5      Length  15'  north  and  south;  width  5';  involving 
B.D.  +28°637  (9"5) 

The  region  for  some  distance  about  this  great  dark  nebula  is 
very  remarkable  and  suggestive.  Beginning  at  about  a  =  4''9"5o% 
5=+27°25',  an  irregular  dark  lane  about  10'  wide  with  unequal 
dark  markings  in  it  runs  southeast  for  2^°  nearly  to  another  large 
obscure  nebula  (No.  22).  A  similar  dark  lane  beginning  at  a  group 
of  large  dark  spots  (No.  18)  in  a  =  4''23'°40^,  8  =  -\-24°s',  runs 
westerly  in  a  curved  and  irregular  manner  for  about  4°. 

These  lanes  are  all  definite  and  dark  on  the  sky,  independent 
of  the  background  of  stars. ^     There  are  indications  of  considerable 

'  See  Astro  physical  Journal,  25,  218,  1907,  where  photographs  of  the  region  are 
given. 
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areas  of  feeble  nebulosity  for  several  degrees  in  this  region.  These 
will  be  treated  of  in  a  later  publication. 

No.  144  of  the  catalogue  is  a  very  large,  unequally  dark  area  in 
a  very  rich  region  of  the  Milky  Way.  Its  general  outlines  are 
fairly  distinct  and  somewhat  abrupt  except  toward  the  south, 
where  it  widens  out  and  becomes  lost  in  the  general  groundwork. 
Over  this  large  area  the  dense  background  of  small  stars  is  wanting, 
but. there  are  scattered  over  it  everywhere  a  great  many  stars,  big 
and  little.  Its  eastern  side  near  the  north  end  is  partly  covered 
by  a  protrusion  over  it  of  the  denser  part  of  the  Milky  Way,  which 
quite  obUterates  it  for  a  degree  or  more.  The  northern  end  of  this 
area  is  more  or  less  rounded  and  is  terminated  at  the  northeast  side 
by  a  sharper  projection  in  a  =  20^3"",  8  =  +36^°.  This  great  partial 
vacancy  is  probably  due  to  an  actual  thinning  out  of  the  small 
stars  in  this  region,  for  it  does  not  have  the  appearance  of  obscuring 
matter. 

To  illustrate  the  remarkable  appearance  of  some  of  these  objects 
the  accompanying  half-tone  plates  have  been  prepared.  These 
show  the  peculiarities  as  they  appear  on  ordinary  portrait-lens 
photographs.  The  brief  descriptions  of  the  objects  shown  in  the 
illustrations  are  based  on  an  examination  of  the  original  negatives. 
The  engravings  are  good,  but  they  fail  to  show  the  more  delicate 
structures  which  are  so  clear  on  the  photographs  and  are  such 
important  features  of  these  objects.  Therefore,  if  there  should  be 
any  difficulty  in  identifying  all  the  features  described,  it  must  be 
attributed  to  the  failure  of  the  half-tones  to  show  them. 

DESCRIPTION  OF  THE  PLATES 

PLATE  I 

This  shows  the  region  north  of  Theta  Ophiuchi  and  its  rather  fantastic 
markings  as  a  whole.  The  glow  from  Theta  is  seen  at  the  lower  edge  of  the 
plate.  By  comparing  this  picture  with  the  chart  (Fig.  2)  the  relative  positions 
of  the  various  objects  shown  in  some  of  the  other  plates  can  readily  be  seen. 

PLATE  II 

Two  of  these  queer  markings  are  shown  here,  the  lower  being  readily 
recognized  as  one  of  those  on  Plate  I.  It  is  a  curious,  narrow,  looped,  black 
marking  (No.  75)  that  covers  about  a  degree  in  its  peculiar  windings.     It 
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occupies  a  considerable  space  and  one  position  will  not  represent  its  place. 
The  upper  or  north  part  of  it  is  in  a=i7''i7™44%  S=— 2i°si'.  From  this 
point  it  bends  to  the  east,  passing  close  south  of  the  star  B.D.  —  2i°4S98  (8^'3) 
and  then  south  and  west  to  an  abrupt  stop  in  a=i7''i5"44^,  8=  — 22°2i'.  A 
diffused  branch  springs  from  it  and  curves  easterly  and  southwest  again  in  a 
very  broken  manner.  At  this  point  there  is  much  dark  detail  of  an  irregular 
nature.  Close  north  and  west  of  this  object,  just  above  (and  involving)  the 
star  B.D.  —  2i°459i  (g^s)  is  a  very  dark,  irregular  figure  (No.  67a). 

This  marking  is  almost  exactly  duplicated  in  its  scalloped  appearance  by 
a  similar  one  (No.  84)  in  a  =  17^39",  8=  —  2o°i2',  which  is  shown  in  the  upper 
picture  of  this  plate.  It  Ues  between  the  stars  B.D.  —  20°4S65  (8^2)  and 
—  2o°4869  (9^'i)  and  curves  a  little  to  the  north.  The  resemblance  of  these 
two  strange  objects  and  their  peculiar  character  is  very  striking. 

PLATE  in 

These  are  two  more  of  the  dark  objects  north  of  Theta  Ophiuchi.  The 
upper  one  (No.  63)  is  the  very  large  definite  curved  marking.  Its  southwest 
end  strikingly  and  abruptly  terminates  in  a=i7''6"i4^,  8=  — 2i°4i'.  In  the 
original  negative  there  is  much  dark  detail  in  this  object. 

The  lower  picture  shows  the  S-shaped  marking  (No.  72)  in  a=  I7''i6'"i7% 
S=  —  23°37',  and  several  of  the  ver>'  black  spots  south  of  it. 

PLATE  IV 

The  upper  right-hand  object  (No.  133)  resembles  a  dark  comet  with  a 
smaU  definite  head  and  curved  fan-shaped  tail.  The  main  body  seems  to 
be  a  sharply  defined,  black,  lozenge-shaped  object  which  forms  the  head  and 
part  of  the  body,  from  which  a  diffused  extension  runs  north,  forming  the  tail 
of  the  "comet."  A  description  of  the  visual  appearance  of  this  object  with 
the  40-inch  telescope  is  given  in  the  present  paper,  page  7.  The  position  of 
the  dark  head,  which  Ues  very  close  west  of  the  star  B.D.  —  7°4852  (9^^2), 
isa=i8*>59'"29^  8=-7°4:8. 

The  picture  immediately  beneath  this  one,  to  the  right,  is  that  of  a  similar 
"cometary"  object  (No.  64),  just  west  of  the  compressed  cluster  M  9.  It  is 
somewhat,  cometary  in  form  and  has  a  ver}^  black  core  or  head  that  sharply 
abuts  against  the  thick  stratum  of  stars;  from  this  it  spreads  out  into  a  large 
dark  area  with  much  dark  detail,  filling  quite  a  space  close  southwest  of  M  9. 
It  thus  resembles  a  dark  comet  with  a  dense  and  well-defined  head  and  diffused 
widening  tail.     The  position  of  the  head  is  a=  i7''9™57%  8=  —  i8°2o'6. 

The  upper  left  picture  of  this  plate  shows  a  chain  of  several  dark  spots, 
two  of  which  (Nos.  127  and  129)  are  quite  small,  black  and  irregular  in  form. 
The  northern  one  (No.  1 29)  has  a  very  narrow  black  streak  running  from  it  to 
the  northeast.  I  have  examined  these  also  with  the  large  telescope  with  a 
result  similar  to  that  of  the  spots  previously  mentioned.  Their  position  is 
a=i8'>55-,8=-5V. 
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In  the  fourth,  or  lower  left,  picture  is  a  small,  round,  well-defined,  black 
spot  (No.  98)  less  than  3'  in  diameter.  This  could  readily  be  taken  for  a 
black  planetary  nebula,  which,  in  reality,  it  may  be.  Its  position  is  closely 
a=  i8''25"3i',  8=— 26°9'.  It  is  not  seen  on  a  bright  part  of  the  sky  for  it 
lies  in,  and  near  the  south  edge  of,  a  rather  broad  dark  pathway  in  the  Milky 
Way.     It  is  some  3'  south  and  following  the  star  CD.  —  26°i3264  (lo^')- 

I  did  not  at  first  believe  in  these  dark  obscuring  masses.  The 
proof  was  not  conclusive.  The  increase  of  e\idence,  however,  from 
my  own  photographs  convinced  me  later,  especially  after  investi- 
gating some  of  them  visually,  that  many  of  these  markings  were 
not  simply  due  to  an  actual  want  of  stars,  but  were  really  obscuring 
bodies  nearer  to  us  than  the  distant  stars.  In  this  way  it  has  fallen 
to  my  lot  to  prove  this  fact.  I  think  there  is  sufficient  proof  now 
to  make  this  certain.  For  some  years  I  have  tried  to  secure  long- 
exposure  photographs  of  as  many  of  these  bodies  as  possible.  This 
has  resulted  in  the  location  of  a  considerable  number  of  them  in 
different  parts  of  the  sky.  Their  apparent  preference  for  the  bright 
regions  of  the  Milky  Way  is  obviously  due  to  the  fact  that  they  are 
more  readily  shown  with  a  bright  background.  They  are,  however, 
not  strictly  confined  to  the  Milky  Way. 

Among  the  first  to  look  upon  these  dark  places  as  real  matter 
was  ]Mr.  A.  C.  Ranyard,  whose  lamentable  death  occurred  Decem- 
ber 14,  1894.  A  short  time  previous  to  his  death  he  gave  a  series 
of  papers  on  the  Milky  Way  and  the  nebulae,  in  Knowledge,  of 
which  magazine  he  was  editor.  In  speaking  of  the  dark  lane  south 
and  east  of  Theta  Ophiuchi  on  a  Lick  photograph  of  mine  which 
he  reproduced,'  he  says:  "The  dark  vacant  areas  or  channels  run- 
ning north  and  south  of  the  bright  star  [6  Ophiuchi]  at  the  center 
....  seem  to  me  to  be  undoubtedly  dark  structures,  or  obscuring 
masses  in  space,  which  cut  out  the  light  from  the  nebulous  or  stellar 
region  behind  them." 

There  is  a  list  of  starless  fields  given  in  Appendix  I  of  Webb's 
Celestial  Objects,  taken  from  the  Cape  observations  of  Sir  John 
Herschel.  These,  however,  are  quite  different  from  the  ones  I 
have  been  dealing  with  and  are  in  most  cases  perhaps  only  real 
vacancies  among  the  stars. 

'  Knowledge,  17,  253  (November)  1894. 
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For  some  time  I  have  hoped  to  make  a  catalogue  of  the  dark 
markings  shown  on  my  photographs  of  the  sky.  The  exact  loca- 
tion of  these  objects  is  desirable  so  that  their  study  with  power- 
ful photographic  telescopes  may  be  possible.  There  seems  to  be 
no  question  that  some  of  them  are  real  objects  which  are  either 
entirely  devoid  of  light  or  so  feebly  luminous  when  seen  against  the 
Milky  Way  as  to  appear  black.  As  mere  curiosities  of  the  sky  alone 
their  cataloguing  would  be  desirable,  but  as  real  opaque  objects 
between  us  and  the  more  distant  stars  their  exact  location  would 
seem  to  be  important.  Their  study  with  the  present  means  of 
research  will  be  of  the  highest  interest.  With  this  idea  in  view  I 
have  collected  a  number  of  these  objects  shown  on  my  negatives 
to  form  the  following  catalogue. 

This  catalogue  is  necessarily  incomplete;  it  is  constantly  being 
added  to.  Later,  a  more  complete  hst  will  be  printed.  The  places 
are  closely  approximate.  An  effort  was  made  to  measure  the  posi- 
tions with  exactness,  but  on  account  of  the  nature  of  the  objects 
it  was  found  to  be  practical  to  do  this  in  only  a  few  cases. 

All  the  positions  in  the  catalogue  and  throughout  this  paper 
refer  to  the  epoch  1875.0. 


No. 


NOTES  OX  THE  CATALOGUE 

Very  much  like  the  dark  lanes  east  of  Rho  Ophiuchi. 
This  is  the  middle  of  a  great  vacancy  extending  east  and  west,  the  con- 
tinuous part  of  which  is  2^°  long  and  about  ^°  wide.  It  really  extends 
in  a  more  or  less  broken  form  for  about  6°.  There  is  a  wide  region 
extending  south  of  it  for  a  couple  of  degrees,  nearly  to  the  star  B.D.  -1-53° 
750  (S^'o)  whose  position  is  a  =  4''6'"58',  5  =  -f-53°i8'.  To  the  east  it 
breaks  up  into  more  or  less  separate  spots,  somewhat  resembling  those 
at  the  east  end  of  the  great  lane  from  Rho  Ophiuchi,  but  unlike  that 
lane  it  does  not  originate  in  a  larger  vacant  space  or  a  nebula.  Its  borders 
are  not  so  definite  as  the  Rho  Ophiuchi  lane.  It  is  approximately 
bounded  by  the  co-ordinates  a  =  3''58™,  5  =  4-54? 7  and  a  =  4''20™, 
5  =  -|-54'i'8.  The  individual  positions  of  some  of  the  spots  are  given 
in  the  catalogue. 

This  lane  is  about  2?6  long  and  roughly  22'  across.     It  is  very  much 
like  the  lanes  east  of  Rho  Ophiuchi.     See  No.  8. 

South  of  No.  II.    Irregularly  round  with  an  extension  east  from  the 
northeast  side. 


14  E.  E.  BARNARD 

CATALOGUE  OF  182  DARK  MARKINGS  IN  THE  SKY 


No. 

a  187s 

.0 

5  1875.0 

Description 

I 

3'*25'"i4» 

+3o°44' 

Large,  indefinite;  diam.  5° 

2 

3  25 

44 

+31  54 

Indefinite;  elongated  east  and  west;  diam.  20' 

3 

3  32 

14 

+31  34 

Irregular;  diam.  20';  dark  space  in  nebula 

4 

3  36 

14 

+31   24 

Very  large;  indefinite 

5 

3  39 

15 

+32     8 

Indefinite;  elongated  northeast  and  southwest; 
diam.  1°.  B.D.  +32°667  (5^8)  near  northeast 
side 

6 

3  46 

31 

+55  45 

Round;  indefinite 

7 

4     4 

14 

+  28  28 

Large,  irregular;  brighter  condensation  in  southeast 
part 

8 

4     7 

53 

+54  56 

The  center  of  No.  11 

9 

4    .9 

+54  45 

Dark  irregular  lane 

10 

4  10 

57 

+  27  58 

The  bright  part  of  No.  7 

II 

4  16 

37 

+54  45 

East  end  of  irregular  lane 

12 

4  19 

52 

+53  58 

Isolated  dark  spot;  diam.  24' 

13 

4  21 

17 

+54  37 

Irregular;  diam.  11' 

14 

4  22 

13 

+  25  31 

Ver>'  small,  bright  nebula;  diam.  3' 

IS 

4  22 

50 

+46  21 

Elliptical  dark  marking;  diam.  10'  by  15'  slightly 
northwest  and  southeast 

16 

4  23 

20 

+46  20 

Very  small;  elongated  north  and  south;  close  to 
southeast  edge  of  No.  15 

17 

4  23 

25 

+46  15 

Very  small;  elongated  north  and  south;  close  to  east 
edge  of  No.  15 

18 

4  23 

40 

+  24     5 

Diam.  1°;  group  of  dark  spots 

19 

4  25 

4-26     0 

Large;  indefinite;  diam.  1° 

20 

4  27 

30 

+50  43 

In  the  south  part  of  larger,  relatively  vacant  area 
nearly  1°  in  diam. 

21 

4  27 

51 

+55     6 

Indefinite;  irregularly  round;  diam.  10' 

22 

4  31 

+  25  48 

Irregular;  unequally  dark;  extended  southeast  and 

northwest;  diam.  2° 

23 

4  32 

41 

+29  38 

Diam.  5';  sharply  pointed  to  the  southeast 

24 

4  35 

0 

+  29  30 

Diam.  8';  sharply  pomted  to  the  south 

25 

4  42 

56 

+45  48 

Irregularly  round;  diam.  8' 

26 

4  46 

39 

+30  25 

Irregular;  diam.  5' 

27 

4  47 

II 

+30  21 

Irregular;  diam.  5' 

28 

4  47 

54 

+30  26 

Irregular;  diam.  4' 

29 

4  58 

5 

+31  55 

Round;  indefinite;  diam.  10' 

30 

5  23 

8 

+  12  21 

Large  dark  area  with  few  stars;  diam.  67' 

31 

5  25 

8 

+  12  38 

Diam.  30';  extended  northeast  and  southwest;  the 
east  part  of  No.  30 

32 

5  25 

8 

+  12  20 

Dark  projection  from  the  south  end  of  No.  31  to  the 

east 
Dark  mass,  diam.  4',  on  nebulous  strip  extending 

33 

5  34 

36 

-   2  32 

south  from  f  Orionis 

34 

5  35 

20 

+32  21 

Round;  starless;  indefinite;  diam.  20' 

35 

5  39 

5 

+  8  SI 

Round;  diam.  13' 

36 

5« 

5 

+  7  23 

Irregular  narrow  dark  lane  2°  long,  northeast  and 
southwest 

37 

6  26 

14 

+  10  34 

Irregular  semi-vacant  region  2j°-3°  long 

38 

6  26 

45 

+  11   10 

Irregular  vacancv;  diam.  1° 

39 

6  31 

8 

+  10  26 

Small,  shaqilv  defined. 

40 

16     7 

24 

-18  39 

Diffused  (lark  si)ot;   diam.  15';  small  star  in  it 

41 

16  14 

24 

—  19  20 

Ditlused  dark  sjiot;  diam.  j|° 

42 

16  18 

-23     9 

Great  nebula  of  p  Ojihiuchi 
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CATALOGUE  OF  182  DARK  MARKINGS  IN  THE  SKY— Continued 


No. 

• 

a  187s 

.0 

S  1875.0 

Description 

43 

16*^23"      » 

-19°  30' 

Large  dark  region 

44 

16  33 

-23  50 

Dark  lane  east  from  Rho  Ophiuchi  region 

44a .... 

16  38 

8  , 

—  40     6 

Round;  diam.  2'.     Close  south  of  CD.  —  4o°io662 

45 

16  39 

II 

—  21  22 

Rather  definite,  2°  long 

46 

16  49 

42 

-22  32 

Irregular;  definite 

47 

16  52 

12 

—  22  27 

Irregular;  definite;  diam.  15' 

48 

16  53 

-40  30 

Fairly  well  defined;  26'  long 

49 

16  54 

30 

-33     5 

Small;  close  southeast  of  and  involving  CD. 
-33°ii668  (9^13) 

50 

16  54 

42 

-34  12 

Large,  irregular,  dark  space;   10  mag.  star  in  middle 

51 

16  56 

12 

—  22  12 

Definite;  diam.  20' 

52: 

16  57 

14 

—  22     2 

Irregular;  diam.  13' 

53 

16  58 

-33  25 

Large;  diffuse,  extended  north  and  south 

54 

16  58 

30 

-34  10 

Small,  round;   diam.  5';  close  north  of  11  mag.  star 

55 

16  59 

28 

-31  51 

Irregular;  diam.  16';  best  defiined  southeast 

56 

17     0 

43 

-31  56 

Small;  diam.  3' 

57 

17     0 

50 

-22  43 

Diam.  5';  elongated  northeast  and  southwest 

58 

17     2 

30 

—40  20 

Round;   diam.  27';   a  darker  core  at  northeast  side 

59 

17     3 

35 

-27  19 

Sink  hole;  diam.  i'' 

60 

17     4 

21 

—  22  17 

Cur\'ed;    13'  long;   extended  northeast  and  south- 
west 
Small;  elongated  east  and  west 

61 

17     7 

26 

-20  18 

62 

17     8 

46 

-20  44 

Diam.  19';  ver\'  black  in  northwest  part 

63 

17     9 

19 

—  21  17 

Very-  large;  definite;  cur\-ed;  west  end  abrupt 

64 

17     9 

57 

-18  21 

Cometary;  west  of  M  9 

65 

17  II 

50 

-26  34 

Definite;  elongated  east  and  west 

66 

17  12 

2 

—  26  46 

Definite;  extended  east  and  west;  8'  long 

67 

17  13 

14 

-26  44 

Definite;  extended  north  and  south;  joins  Xos.  65 
and  66 

67a.  .  .  . 

17   14 

58 

—  21  46 

Irregular;  definite;  diam.  13' 

68 

17   15 

4 

-23  40 

Small;  irregular;  sharply  defined;  diam.  4';  south- 
west of  No.  72 

69 

17  15 

19 

-23  48 

Ver}^  small;  irregular;  sharplj'  defined;  extends 
north  and  south  4' 

70 

17  15 

30 

-23  55 

Diam.  4';  sharply  defined  on  west  side 

71 

17  15 

36 

-23  53 

Ver}- small;  diam.  ij± 

72 

17  16 

17 

-23  37 

S-shaped 

73 

17  16 

46 

-24    9 

Ver>^  small;  diam.  i';   e.xtended  north  and  south 

74 

17  17 

30 

—  24     2 

Diam.  5' 

75 

17  17 

47 

-21  55 

Curved  and  scalloped  marking 

76 

17  18 

-24  18 

Irregular;  narrow- 

77 

17  21 

-23  45 

Indefinite;  diam.  1° 

78 

17   25 

-25  30 

Very  large;  diam.  3° 

79 

17  27 

44 

-19  19 

1°  long  (southeast  and  northwest) ;  narrow;  sharply 
defined 

80 

17  30 

16 

—  21  II 

Small;  definite;  3'  long,  i'  wide,  southwest  and 
northeast 

81 

17  30 

55 

-23  51 

Very  small;  diffused 

82 

17  31 

0 

-23  42 

Small;   angular;  well  defined 

83 

17  31 

20 

—  24     6 

Irregular;  diam.  7' 

83a.... 

17  37 

57 

-19  57 

Small,  definite;  diam.  north  and  south  4' 

84 

17  39 

—  20  12 

Sharplv  defined;  length  north  and  south  22' 

84a 

17  48 

40 

-17     9 

Round;  diam.  16';  extension  J°  south 

85 

17  53 

50 

-23     I 

Trifid  nebula.     See  note 

i6 
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CATALOGUE  OF  182  D.\RK  MARKINGS  IN  THE  SYiY— Continued 


No. 


o 1875.0 


i  1873 


86. 
87. 

88. 
89. 
90. 
91. 
92. 
93- 
94- 
95- 
96. 

97- 
98. 
99. 

100. 

lOI  . 

102. 

103. 
104. 


106. 
107. 
108. 
109. 

no. 
Ill . 

112. 

113- 

114. 

"5- 
116. 


117.. 
1 1 70. 
118.. 
119.. 
119a. 

120.  . 

121 .  . 

122.  . 

123.  . 

124.  . 
125.. 

126.  , 

127.  , 
128.. 
129.  . 
130- 


7 "55°  9' 
7  56  14 

7  56  56 

7  57  20 

8  2  20 
8  2  30 
8  8  16 
8  10  14 
8  18  37 
8  18  37 
8  19  7 
8  23  7 
8  25  31 
8  25  48 
8  26  7 

8  26  7 


Description 


■27  52 
•32  6 

-24  7 
-24  22 
-28  18 

■23  43 
■18  16 

■17  52 
-10  44 
-II  49 
-10  19 
-10  o 
-26  9 
-21  34 

-  9  14 

-  8  54 


8  30  37   -13  51 


8.32  42 

- 

6  47 

8  40  42 

— 

4  47 

8  41  2 

— 

7  3 

8  42  II 

- 

5  13 

8  42  52 

— 

5  9 

8  42  52 

— 

6  27 

8  42  57 

— 

7  43 

8  43  30 
8  44 
8  44  25 

8  44  43 
8  46  27 
8  46  36 
8  46  48 

8  46  58 
8  47  4 
8  47  10 

8  47  59 
8  48  o 
8  48  16 
8  48  48 
8  50  II 
8  51  2 
8  51  5 
8  51  45 
8  52  25 

8  54  52 
8  55  3 
8  55  3 
8  55  16 


-  4 
~  5 

-  6 

-  4 

-  7 

-  6 

-  7 

-  7 
~  5 

-  7 

-  4 
~  5 

-  4 

-  4 

-  4 

-  4 

-  4 

-  4 

-  4 

-  5 

-  4 

-  5 

-  5 


59 
6 

49 

28 

6 

49 
II 

34 

o 

36 

42 

20 

45 
46 

55 
53 
31 

42 
37 
45 
29 

45 


Diam.  5';  several  small  stars  in  it 

"Parrot's  head";  CD.  -32°i3686  (9¥8)  central; 
several  smaller  stars  in  it 

Length  north  and  south  2.' 7,  width  o.'s;  in  M  8 

Very  small;  diam.  o.'5;  in  ^I  8 

Irregular;  diam.  2. '7 

Diam.  5';  edge  of  diffused  nebulosity 

Black  spet,  15'  north  and  south,  9'  east  and  west 

Cometar>- 

Roundish;  diam.  15';  indefinite 

Large;  indefinite;  diam.  30';  elongated 

Small;  indefinite;  elongated 

Irregular;  not  ver>-  definite;  diam.  1° 

Very  small;  sharply  defined 

Definite;  11'  long  east  and  west,  3'  wide 

Definite;  irregular;  curbed;  16' long  northwest  and 
southeast 

Definite;  irregular;  13'  long  northeast  and  south- 
west, 4'  wide 

Rather  definite;  8'  long  northeast  and  southwest, 
3'  wide 

Irregular;  diam.  4';    one  small  star  in  it 

Small,  definite,  caret-shaped  object 

Very   small;    diam.    ?';    close   northeast   of    B.D. 

-7°47io(8«9) 
Diam.  2';  extended  north  and  south;   free  of  stars 
Irregular;  diam.  5';  free  of  stars 
Very  small,  diam.  3' 
Irregular;   diam.  o.'7;  close  east  of  B.D.  —  7°4726 

(8«o) 
Irregular;  diam.  11' 

Region  2°  in  diam.,  full  of  dark  structures 
Diffused  dark  region;  diam.  18' ± 
Diam.  16';  irregular;  small  star  in  west  part 
Dark  spot  with  two  small  stars  in  it 
Very  small  and  black 
Narrow  semi-vacant  region  running  south   from 

B.D.  -7"'4755  (9"i)  ,  ,     , 

Round;  very  black;  diam.  i';  sharply  defined 
Black;  irregular;  diam.  7' 
Definite;  diam.  2' 

Ver>-  small;  close  northwest  of  B.D.  — 4°4623  (9¥2) 
Irregular  dark  region;  diam.  5° 
Ver>-  small;   close  southeast  of  B.D.  —  4°4623  (9*" 2) 
Small  dusky  spot;    12  mag.  star  in  center 
Small;  diam.  4';  narrow  extension  4'  north 
Roundish;  diam.  ij' 
Small  dark  sjx)!;  diam.  3' 
Dark;  lune-shapeil;  diam.  9' 
Dusky;  round;  rather  definite;  diam.  8' 
Irregular;  diam.  42' 

Irregular;  dusky;  fairly  well  defined;  diam.  10' 
Very  black;  sharply  defined;  diam.  5' 
Dusky;  not  well  defined;  length  7' 
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CATALOGUE  OF  182  DARK  MARKINGS  IN  THE  SKY— Contimied 


No. 

a  1875.0 

d  18750 

Description 

131 

i8''S5'°39^ 

-  4^33' 

Black  spot;  diam.  o.'7;  curve  of  small  stars  north 

131a.  .  .  . 

18  56  32 

-   4  31 

Diam.  3' 

132 

18  57  51 

-  4  37 

Dark;  fairly  well  defined;  diam.  8' 

133 

18  59  29 

-   7     5 

Cometary;  close  west  of  B.D.  —  7°4852  (9^2) 

134 

19     0  II 

-   6  26 

Round;  diam.  6' 

135 

19     0  57 

-  4     7 

Large  dusky  spot;  diam.  13' 

136 

19     3     0 

-  4  12 

Dusk}'  spot;  diam.  8';  10  mag.  star  near  middle 

137 

19     9  32 

-    I  33 

Projection  near  south  end  of  No.  138 

138 

19  10 

0     0 

Great  cur\'ed  semi-vacant  lane  over  3°  in  length 

139 

19  II  32 

-    I  38 

Narrow  black  spot;   10  mag.  star  on  southeast  edge 

140 

19  13  39 

+  4  59 

Semi- vacant  region;  diam.  1° 

141 

19  13  52 

+   I  40 

Semi-vacant  region  north  of  north  end  of  No.  138; 
diam.  16' 

142 

19  34     0 

+  10  18 

Large;  irregular;  close  west  of  B.D.  +io°4oi6  (8^7) 

143 

19  35  30 

+  10  43 

Rather  narrow  angular  marking 

144 

19  54 

+34  30 

Large  semi-vacant  region;  6°  by  3° 

145 

19  58  16 

+37   21 

Sharply  defined;   |°  long  east  and  west 

146 

19  58  49 

+35  40 

Very  small 

147 

20     2     7 

+35     I 

Verj'  narrow  sinuous  dark  lane  11'  long  east  and 

west 
Ver>'  small;  round;  indefinite;  diam.  3' 

148 

20  45  30 

+59  12 

149 

20  46  28 

+  59     4 

Verv  small;  round;  indefinite;  diam.  2' 

150 

20  47  47 

+59  50 

Curved  dark  marking;  1°  long 

151 

21     4  41 

+55  49 

Ver>'  small;  very  dark;  diam.  i' 

152 

21   II  30 

+61  13 

Small;  15'  by  3'  southeast  and  northwest 

153 

21-17  42 

+55  55 

Black,  irregular;  diam.  i' 

154 

21   18     I 

+56     5 

Narrow;  8'  long  northeast  and  southwest 

15s 

21   27   25 

+44  25 

Round;  diam.  13';  indefinite 

156 

21   29  17 

+45     2 

Diam.  8';  sharp-pointed  to  north 

157 

21   29  34 

+54     I 

Round;  diam.  5' 

158 

21  32  22 

+42  51 

Dark  spot;  diam.  3' 

159 

21  33  30 

+42  40 

Irregular  partially  vacant  region;  diam.  25' 

160 

21  33  40 

+55  40 

Large,  dark,  irregular;    diam.  31'  northeast  and 
southwest 

161 

21  36  38 

+57     5 

Small,  black  spot 

162 

21  37     8 

+55  55 

Very  thin,  curved,  dark  strip  north  and  south 

163 

21  37  38 

+56     5 

Small;  very  black;  pointed  to  the  south 

164 

21  42     2 

+50  31 

V-shaped  vacancy;  diam.  5'-io' 

165 

21  45  10 

+59  38 

Length  east  and  west  18',  mdth  i' 

166 

'21  47  16 

+59  30 

Round;  diam.  5';  small  star  on  southwest  edge 

167 

21  48     8 

+59  29 

Small;  irregularly  round;  diam.  5' 

168 

21  48  32 

+46  41 

Small  nebula  at  east  end  of  dark  lane 

169 

21  53  38 

+58  25 

Elliptical  black  ring;  diam.  1° 

170 

21  51  50 

+58  22 

Irregular  black  strip  26'  long  northeast  and  south- 
west 
Irregular  broken  region;  diam.  19' 

171 

21  57  43 

+58  16 

172 

22     2  43 

+58  36 

Irregular  dark  spot 

173 

22     2  53 

+59     4 

Diam.  4';  rather  definite 

174. •.;. 

22     3     8 

+58  28 

Narrow;   irreg.;  19'  long  northeast  and  southwest 

175 

22  II 

+69  19 

Large;   diam.  1°;   bright  nebula  in  north  part 

l8  E.  E.  BARNARD 

No. 

13  Irregularly  darker  inside  with  a  rather  sharp,  short,  narrow  extension 
toward  the  south. 

14  A  bright  spot  in  the  dark  nebula  No.  22. 

15  See  description  on  page  4. 

20  This  is  the  dark  object  mentioned  by  Espin  in  M.N.,  58,  334,  1898.  It 
is  close  north  of  a  small  group  of  faint  stars  and  is  6'  or  8'  in  diameter. 
In  a  somewhat  larger  vacant  space.     It  is  not  so  definite  as  No.  15. 

22  This  is  a  very  large  region  of  obscure  nebulosity  with  several  darker 
streaks  in  it  trending  northwest.  It  is  partly  separated  from  another 
starless  region  lying  about  2°  to  the  west  and  north.  Near  the  middle 
of  the  first  of  these  regions  is  a  small  luminous  nebula  with  a  faint  fan- 
shaped  extension  for  10'  to  the  northeast.  This  is  undoubtedly  a 
brighter  condensation  of  the  great  obscuring  mass  surrounding  it.  The 
position  of  this  small  nebula  is:  a  =  4''32'°i3%  b—-{-2fT)0'.-]. 

25  This  is  a  good  example  of  a  dark  or  more  or  less  starless  region. 

26  Nos.  26,  27,  and  28  are  close  northwest  of  B.D.  +3o°74i  (6^'8).  (This 
star  is  involved  in  feeble  nebulosity.) 

30  There  is  a  nebulous  border,  \°  wide,  to  the  semi-vacant  region  extending 
1°  east  and  north  from  B.D.  -|-i2°8o3  (y^'o).  Apparently  this  nebulous 
border  extends  many  degrees  east  in  a  very  diffused  manner.  There  is 
a  narrow  dark  lane  extending  south  from  the  semi- vacant  region,  running 
close  west  of  B.D.  +i2°8o3  to  a  point  nearly  1°  due  south  of  B.D.  -|-i2°8oi 
(6*'9).  There  is  a  small  fan-shaped  nebula  close  north  of  a  small  star  in 
the  position  a=  5''24'"30^,  5  =  -|-i2°3'9.  A  small  strip  of  nebulosity 
extends  5'  southwest  from  this  small  star.  These  two  nebulae  are 
probably  the  brighter  parts  of  a  large  obscure  nebulosity. 

33     See  Astrophysical  Journal,  38,  496,  1913,  Plate  XX. 

35  This  has  an  extension  to  the  southeast.  There  are  three  small  stars 
north  of  it. 

37  This  region  is  abruptly  terminated  on  the  south  side  by  the  nebulosity 
extending  north  from  15  Monocerotis.  Its  west  side  ends  abruptly  in 
a=6''22'»i5»,  5  =  -f-i2°26'. 

39  A  small  elongated  spot  in  the  nebulosity  from  15  Monocerotis. 

40  This  spot  and  No.  41  are  connected  with  the  great  nebula  about  Nu 
Scorpii  and  are  doubtless  denser  opaque  masses  of  the  nebula.  There 
is  a  larger  dark  region  belonging  to  this  same  system  in  a=i6''23"', 
6=  —  i9°3o'  (No.  43),  from  which  broken  dark  lanes  somewhat  like  those 
from  Rho  Ophiuchi,  though  less  marked,  run  eastward  for  some  degrees. 

42  This  object  is  put  in  the  list  because,  though  not  wholly  dark,  it  is  partly 
so,  and  the  evident  obscuration  produced  by  it  puts  it  in  the  class  for 
which  the  catalogue  is  made.  The  semi-vacant  region  in  which  this, 
the  great  nebula  of  Rho  Ophiuchi,  lies  is  about  3'°  in  diameter. 

44  This  is  the  middle  of  the  main  part  of  the  great  vacant  lane  that  runs 
east  from  the  region  of  Rho  Ophiuchi.     It  is  about  32'  wide  and  has  its 
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No. 

beginning  in  a  vacant  area  in  which  is  the  star  CD.  —24°! 2695  (s^s), 
a  =  i6''2  2^38^8=  —  24°si'.  It  runs  slightly  northeast  to  about  a  =i6''4o'", 
S=  — 23°4o'.  From  this  point  it  extends  in  a  broken  chain  of  dark 
spots  to  a  little  south  of  Xo.  63.     Its  total  length  is  therefore  about  10°. 

44a  This  appears  to  be  a  real,  dark  object. 

45  Extended  northeast  and  southwest  with  an  irregxilar  projection  south- 
west that  connects  it  with  the  Rho  Ophiuchi  region.  This  appears  to  be 
a  real,  dark  object. 

46  A  string  of  small  stars  in  the  middle. 

47  Connected  with  No.  51  by  two  sharp  lanes. 

48  Extended  northeast  and  southwest.     Close  west  and  north  of   CD. 

—  40°!  1088  (8^'o).     This  seems  to  be  a  real  object. 

50  This  is  an  irregular  square  15'  in  diameter,  sharply  defined  on  the  east 
side  and  diffused  on  the  west,  where  there  are  broken  extensions  for  J°. 
The  star  CD.  — 34°ii4i8  (9^8)  is  near  the  middle.     The  stars  CD. 

—  34°ii422  (9^'8),  — 34°ii426  (9^8),  and  — 34°ii427  (9^9)  are  on  the 
eastern  border. 

51  Two  straggHng  dark  lanes  run  west  to  Xo.  47. 

52  One  of  a  straggling  group  toward  the  eastern  end  of  the  dark  lane  from 
Rho  Ophiuchi. 

55  CD.  —31° 1 3 58 2  (8^'9)  near  the  center. 

56  Close  east  of  CD.  — 3i°i36o9  (9^'o)  and  — 3i°i36i8  (9^'3).  This  seems 
to  be  a  real  object. 

59  At  the  west  end  of  a  wide  broken  lane  from  No.  78. 

60  This  and  Xo.  57  are  the  most  distinct  of  a  group  of  dark  spots  southwest 
of  the  square  end  of  Xo.  63. 

62  This  seems  to  be  a  real  object. 

63  This  is  the  center  of  a  great  curved  figure  convex  to  the  north  i°37'  long 
and  19'  wide.     See  description  of  Plate  III. 

64  See  description  of  Plate  IV. 

72  This  is  a  striking  object.  It  is  a  thin,  curved  black  marking,  the  exact 
form  of  the  letter  s  or  the  figure  5,  as  the  imagination  or  point  of  view 
may  dictate.  The  southeast  branch  runs  east  for  some  distance  passing 
close  south  of  the  star  CD.  —  23°i337o  (9^'9).  Its  average  thickness 
is  about  2'  to  3'.  The  position  in  the  catalogue  is  for  the  southern  part 
of  the  figure,  or  the  bottom  of  the  .y.     See  Plate  III. 

74  Slightly  curved,  extending  5'  north  from  the  star  CD.  —  24°i3325  (7^^i). 
It  is  sharpest  on  the  west  and  south  sides. 

75  B.D.  —  2i°4598  on  the  north  edge.     See  description  of  Plate  II. 

76  This  is  a  broken,  black  strip,  ^°  long,  extending  east  and  west. 

77  Connected  by  a  vacant  strip  with  N^'o.  78. 

78  CD.  —26°! 2 1 52  (6^} 2)  is  south  of  the  middle. 

80  Close  southeast  of  B.D.  -2i°4674  (8¥i). 

81  Close  southwest  of  X.G.C  6401. 
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82  8'  north  of  N.G.C.  6401. 

83  Narrow  extension  to  the  south.     Several  small  stars  in  it. 

84  See  description  of  Plate  II. 

84a  B.D.  — 19°9457  (g'S's)  in  the  center. 

85  This  is  the  southern  part  of  the  Trifid  Nebula,  N.G.C.  6514.  The  dark 
markings  in  this  nebula  are  too  well  known  to  insert  in  this  catalogue. 

86  There  is  a  small  cluster  close  east  of  this  spot.     See  page  3. 

88  There  are  other  well-known  markings  in  this  nebula.  This  one  and 
No.  89  are  given  as  illustrations  of  dark  markings  in  the  sky  shown  in 
relief  against  a  nebulous  or  other  luminous  background.  In  this  case 
these  may  be  non-luminous  opaque  parts  of  the  nebula  itself. 

90  There  are  many  similar  dark  spots  in  this  region,  but  this  one  is  perhaps 
the  most  distinct  and  is  fairly  characteristic  of  the  others. 

91  This  is  a  round,  sharply  defined,  dark  bay  in  the  east  side  of  a  very  diffused 
nebulosity  which  extends  east  from  M  8.  Photographs  on  July  26  and  27, 
1905,  show  the  planet  Uranus  in  this  bay.  It  was  nearly  central  in  the 
bay  on  July  27. 

92  This  black  spot  is  very  sharply  defined  on  its  east  edge  but  less  definite 
on  the  west.  There  is  a  twelfth  magnitude  star  near  the  middle  with 
several  other  small  stars.  See  Astrophysical  Journal,  38,  496,  1913, 
Plate  XX,  for  an  account  of  this  remarkable  object. 

93  This  object  has  a  sharply  defined  black  head  2'  in  diameter  with  a 
diffused  tail  15'  long  running  south.     See  Plate  XX,  as  in  last  note. 

98  See  description  of  Plate  IV. 

99  The  east  end  is  the  larger  with  a  faint  star  in  it. 

100    Larger  at  east  end;  diameter  12'.     There  is  a  small  star  in  the  southeast 

edge, 
loi     Separated  from  No.  100  by  a  scattering  of  small  stars. 

103  Apparently  a  real  object,  the  south  of  several  dark  markings  covering  a 
space  45'  in  diameter.  They  form  a  notched  outline  to  the  northwest 
side  of  the  large  star-cloud  in  Scutum. 

104  This  consists  of  a  narrow  straight  black  line  16'  long  north  and  south, 
with  a  narrow  spur  at  the  south  end  extending  west  and  north  for  5'. 
The  width  of  these  lines  is  about  o!7. 

108    This  object  is  not  black.     There  are  two  narrow  diverging  lanes  extend- 
ing to  the  north.     Some  small  stars  in  it. 
no     Free  of  stars.     A  small  star  near  the  west  edge. 

1 1 1  See  page  6  for  description. 

1 1 2  Perhaps  due  to  want  of  stars. 

115     Very  narrow,  running  north  and  south    for  7';    width  i  [4.     It  is  in  a 

small  vacant  region. 
117     This  is  on  the  border  of  a  larger  dark  region  with  dark   lanes  running 

to  the  north  and  northeast.     It  is  separated  from  No.  118  by  several 

very  small  stars. 
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118     More  definite  and  blacker  than  No.  117. 

1 1 90  This  is  liberally  sprinkled  with  stars  in  its  northwest  half.     There  are 

several  narrow  dark  lanes  in  its  southeast  portion. 
1 20     The  east  side  is  bounded  by  a  curve  of  very  small  stars. 

122  Round,  small,  and  black.  The  entire  object  is  fairly  weU  defined  and 
uniformly  dark.     There  is  a  small  star  4'  to  the  northeast. 

123  This  has  a  narrow  spur  4'-^'  long  from  its  northeast  edge,  and  a  narrow 
lane  18'  long  and  i^'  wide  from  its  west  side  to  the  northwest. 

125  Fairly  well  defined  on  the  north  border.     Some  faint  stars  in  it. 

126  An  irregular  narrow  dark  streak  extends  9'  to  the  northeast;  another 
from  its  south  side  runs  close  to  B.D.  — 4°465o  (7y4).  A  smaU  star  in 
the  northeast  edge. 

127  Very  black  in  its  southeast  portion,  diffused  on  the  west  side.  A  short 
line  of  faint  stars  on  its  west  edge. 

128  A  narrow  extension  13'  long  from  the  northeast  side.  A  small  star  close 
west  of  it.     This  is  in  a  larger  vacant  region. 

129  Very  black,  sharply  defined,  with  a  considerable  small  star  at  the  west 
end.  Somewhat  rectangular  in  form  with  projections  to  the  east.  It 
is  the  blacker  western  portion  of  a  dark  region  10'  in  diameter.  Nos.  127, 
129,  and  130  are  connected  in  an  irregular  curve  convex  to  the  west. 

131a  This  is  a  very  small  black  spot  with  a  small  star  on  the  north  border  and 
another  on  the  south,  with  a  fine  curve  of  six  or  seven  very  small  stars 
running  northwest  from  its  north  edge. 

132  Tadpole-shaped  with  B.D.  — 4°468o  (g^'o)  in  center  of  the  larger  (west) 
part.     Length  east  and  west  16'. 

133  This  object  begins  very  close  west  of  B.D.  —  7°4852  (9''^'2).  From  this  it 
gradually  widens  and  curves  north  like  a  plume,  with  the  convex  side 
west,  to  a  distance  of  about  18'.  The  south  end  is  intensely  black.  The 
northern  part  is  dark  with  4  or  5  considerable  (small)  stars  in  it.  See 
description  of  Plate  IV. 

134  This  is  dark,  but  not  sharply  defined.  There  is  a  small  star  on  the  south 
edge  and  a  simUar  one  on  the  north  edge. 

135  The  star  B.D.  — 4^4698  (9^'2)  is  on  the  north  border  and  B.D.  — 4°4702 
(9**2)  on  the  southeast  border. 

138  Perhaps  the  most  striking  feature  of  this  great  curved  "lane"  is  the 
definiteness  of  its  eastern  outline.  To  the  west  it  is  less  definite  and  in 
the  lower,  south,  half  it  consists  of  dark  branching  structures  which 
blend  into  a  part  of  the  Milky  Way  relatively  dimmer  than  that  to  the 
east.  The  stars  embraced  by  the  curve  to  the  east  are  much  brighter 
or  coarser  than  those  to  the  west.  If  the  stars  to  the  west  were  fewer 
in  number,  or  fainter,  the  eastern  outline  would  closely  resemble  the 
great  head  of  the  star-cloud  near  M  11  in  Scutum.  The  southern  ter- 
mination is  in  a  small,  comet-shaped,  very  black  spot,  apparently  a  real 
object,  sharply  defined  on  its  south  edge. 
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139  This  spot  is  the  beginning  of  a  great  curved  lane  ending  in  about 
a=iQtj^m^  5  =  +  i§°.  This  lane  is  concave  to  the  east,  on  which  side 
it  is  more  definite. 

143  The  outline  of  a  square  \°  in  diameter,  with  the  west  side  missing. 

144  See  page  10. 

145  This  is  a  triangular  semi-vacant  area.  It  is  covered  by  a  sprinkling  of 
considerable  small  stars  with  the  star  B.D.  4-37°3736  (9^5)  in  the  center. 

146  This  spot  is  Hke  a  dark  border  to  the  Southwest  side  of  the  star  B.D. 

+35°3930  (7^'o)- 

150  This  is  the  center  of  the  dark  marking.  Its  head  is  in  the  position 
a  =  2o''si">o^,  6  =  -|-S9°4s'.  The  west  end  or  tail  is  in  a  =  20*^43 ^50% 
5  =  +49°2o'.     This  object  is  fully  described  in  the  text. 

151  This  appears  to  be  a  real  object  in  a  slightly  larger  vacancy. 

152  Close  north  of  B.D.  +  6i°2io3  (8^9).  See  Astrophysical  Journal,  43,  i, 
1916.  It  is  there  wrongly  stated  that  the  object  is  south  of  the  B.D.  star. 
The  west  end  is  larger  with  a  small  star  in  it. 

154  The  star  B.D.  +55°2565  (7V4)  is  at  the  south  end. 

155  There  are  four  small  stars  in  a  Une  crossing  this  object  east  and  west. 

156  The  star  B.D.  +44°3865  (4*'i)  is  central. 

157  A  semicircle  of  faint  stars  forms  the  western  border. 

158  This  spot  is  similar  to  those  in  the  region  of  No.  159.  There  are  some 
others  north  and  west  of  this. 

159  This  is  the  center  of  an  irregular,  partially  vacant  region  25'  in  diameter. 
It  is  suggestive  of  the  presence  of  a  dark  or  faint  nebulosity,  as  there 
are  several  small  darker  spots  in  it.  It  lies  40'  northwest  of  Nova  Cygni 
of  1876,  and  involves  the  stars  B.D.  +42°4i77  {$^^2),  +42°4i72  (8^4) 
and  -|-42°4i64  (7^7) •  It  is  somewhat  extended  east  and  west.  A  very 
long  exposure  on  this  region  would  doubtless  be  interesting. 

160  The  east  side  is  best  defined  with  two  dark  projections  from  it  30'  apart. 
An  irregular,  narrow,  dark  lane  runs  north  from  it  for  2°  to  a  large 
nebulous  region. 

161  This  is  one  of  the  comet-shaped  objects.  The  head  is  very  sharp  and 
black,  3'  across.  This  extends  north  for  some  3',  then  widens  out  into 
a  less  dense  tail  about  13'  long. 

162  A  curve  of  small  stars  on  the  southwest  end. 

163  There  are  two  dark  streams  running  from  this  to  the  north. 

165     B.D.  -|-59°2424  (7**8)  is  on  the  north  edge  and  B.D.  -t-59°2427  (7^7)  near 

the  southeast  end. 
i68     This  nebula  is  10'  in  diameter  with  over  a  dozen  small  stars  of  different 

magnitudes  in  it.     There  is  no  central  condensation,  nor  does  the  nebula 

condense  about  any  of  the  stars.     There  are  some  dark  markings  in  it. 

The  dark  lane  is  i?7  long  and  9'  wide.     Sec  Lick  Observatory  Publications, 

II.  riate  81. 
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169  This  incloses  an  island  of  small  stars.  The  dark  ring  is  broadest  on  its 
east  side  where  its  thickness  is  22'.  The  northern  part  is  very  black  and 
straight. 

170  This  is  the  northwest  border  of  the  island  of  small  stars.  It  is  sharply 
defined  and  darker  than  the  sky. 

171  This  is  at  the  east  end  of  the  island  of  small  stars. 

173  There  is  a  smaU  star  on  the  north  edge  and  also  one  on  the  southwest 
edge. 

175  This  is  a  large  dark  spot,  extended  north  and  south,  62'  in  its  largest 
diameter.  In  its  upper  part  is  the  star  B.D.  +69°i23i  (8^'8)  which  is 
nebulous.  This  is  apparently  a  large  dark  nebula,  the  brighter  part  of 
which  forms  the  star  +69°!  231.  In  Monthly  Notices,  69  (December) 
1908,  Dr.  Alax  Wolf  gives  a  photograph  of  the  nebula,  stating  that  the 
object  was  discovered  by  Dr.  Kopff  at  Heidelberg  on  October  12,  1908. 
It  is  conspicuous  on  a  photograph  of  mine  made  with  the  Willard  lens  at 
the  Lick  Observ'atorj-,  September  24,  1895,  with  5^0™  exposure.  It  is  also 
shown  on  a  photograph  of  mine  made  with  the  Bruce  telescope,  July  20, 
1904,  with  an  exposure  of  3** I™.  By  inadvertence  reference  to  this  object 
was  omitted  in  Lick  Observatory  Publications,  11,  where  it  is  cut  out 
by  the  matting  in  Plate  83. 

I  am  greatly  indebted  to  Miss  Mary  R.  Calvert  for  invaluable 
aid  in  the  preparation  of  this  catalogue. 

Yerkes  Observatory,  WrLLi.\MS  Bay,  Wis. 
December  10,  1918 


STUDIES  BASED  ON  THE  COLORS  AND  MAGNITUDES 
IN  STELLAR  CLUSTERS^ 

NINTH  PAPER:    THREE  NOTES  OX  CEPHEID  VARIATION 
By  HARLOW  SHAPLEY 

At  least  three  classes  of  stars  may  be  independently  used  to 
ascertain  the  distances  of  globular  clusters  through  luminosity  cor- 
relations— Cepheid  variables,  B-t>-pe  stars,  and  the  giants  of  the 
redder  spectral  classes.  The  giant  red  stars  in  local  parts  of  the 
galactic  system,  as  well  as  in  globular  clusters,  are  now  known  to 
have  a  Umited  dispersion  of  absolute  luminosity;  and  if  we  should 
assume  the  absolute  magnitude  in  the  mean  to  be  the  same  in  both 
regions,  it  is  readily  showoi  that  the  resulting  parallaxes  of  the  clus- 
ters would  be  closely  comparable  with  the  values  obtained  in  the 
present  investigation."  The  stars  of  spectral  t>pe  B  (color-class  b) 
form  a  second  class  of  objects  that  are  generally  recognized  as  valu- 
able criteria  of  distance,  not  only  because  of  a  fairly  small  dispersion 
of  intrinsic  brightness,  but  also  because  much  is  known  of  the  actual 
absolute  magnitudes  through  studies  of  community  motion  and 
parallactic  drift.  Apparently,  however,  there  is  a  tendency  for 
B-type  stars  to  fall  into  groups  that  may  differ  in  real  brightness  by 
one  or  two  magnitudes,^  thus  introducing  a  large  percentage  of 
uncertainty  into  the  distances  depending  on  magnitude  correlations. 
If,  as  seems  necessary  from  related  investigations,  the  most  luminous 
6-class  stars  in  clusters  are  equated  in  luminosity  with  the  galactic 
B  stars  that  have  an  average  absolute  magnitude  near  zero,  the 
distances  of  globular  clusters  (and  of  all  Cepheids)  are  essentially 
as  now  adopted.     On  the  other  hand,  if  the  brightest  ft-class  stars 

'  Contributions  from  the  Mount  Wilson  Solar  Observatory,  No.  154. 

'  For  example,  see  Division  III  of  the  parallax  determinations  of  Messier  13  listed 
in  Table  XXVII  of  Mt.  Wilson  Contr.,  No.  ii6,  1915.  The  parallax  there  derived  from 
red  giants  is  o'oooio;  that  now  adopted  is  o'oooog.  .Applying  this  method  we  would 
readily  obtain  also  the  absolute  magnitudes  of  all  Cepheids,  and  then  derive  practically 
the  same  individual  parallaxes  for  them  as  given  in  the  eighth  paper. 

J  Kapteyn,  Mt.  Wilson  Contr.,  No.  82,  1914;  Charlier,  Mcddelamivn  frdn  Luiids 
Astronomiska  Obscrvatorium,  Series  2,  No.  14,  1916. 
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are  equated  in  luminosity  with  the  most  luminous  of  galactic 
B's,  or  if  much  weight  be  placed  upon  a  direct  apphcation  of  the 
fragmentary  luminosity-curves  of  B  stars/  the  distances  and  all  the 
dependent  dimensions  would  be  considerably  greater,  and  all  giant 
red  stars  and  Cepheid  variables  would  be  systematically  much 
brighter  in  clusters  than  in  the  general  galactic  system. 

The  present  study  has  shown  that  for  the  third  class  of  bright 
stars  common  to  clusters  and  the  general  system — the  Cepheid 
variables — the  luminosity  is  simply  a  function  of  the  period  of 
light-variation,  and,  except  for  some  uncertainty  in  the  zero-point 
of  the  absolute  scale,  may  be  very  accurately  known.  In  conse- 
quence the  Cepheids  become  of  so  much  greater  weight  in  the 
estimation  of  the  parallaxes  of  globular  clusters  that  other  classes 
of  highly  luminous  stars  can  best  be  used  only  to  check  the  results, 
or  as  secondary  standards.^ 

Although  the  distances  obtained  independently  of  the  Cepheids 
would,  as  suggested  above,  be  much  the  same  as  we  have  found, 
and  the  same  conclusions  as  to  the  size  and  structure  of  the 
general  system  of  clusters  would  result,  the  computed  certainty  of 
the  distances  and  dimensions  would  be  of  a  much  lower  order.  The 
adopted  numerical  values  therefore  depend  mainly  upon  the 
Cepheid  variables,  and  the  investigation  of  all  phenomena  related 
to  the  luminosity  of  these  stars  becomes  appropriate.  In  particular 
it  is  important  to  see  if  there  is  any  evidence  that  the  variables  of  a 
given  period  in  different  systems  are  unlike  in  median  magnitude. 
In  the  present  communication  three  notes  are  brought  together  that 
bear  on  the  question  of  Cepheid  variation. 

I.      THE    RELATION   OF   PERIOD   TO   LUMINOSITY 

In  the  second  and  third  sections  of  the  sixth  paper  of  this 
series  we  have  determined  a  very  definite  observational  relation 
between  the  period  of  light-variation  of  a  Cepheid  variable  and  its 

'1//.  Wilson  Contr.,  Xo.  116,  p.  81,  1915;  cf.  also  Eddington,  Manthly  Notices, 
77,  608,  191 7. 

'Through  the  method  of  measuring  distance  by  means  of  the  "25  brightest" 
stars,  the  red  giants  have  been  used  in  the  role  of  secondary  standards  to  determine 
the  parallaxes  of  nearly  all  the  clusters  of  Table  \'  in  the  seventh  paper. 
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total  b'ght  emission.  The  luminosity-period  curve,  based  on  obser- 
vations from  seven  different  stellar  systems,  is  reproduced  in  the 
lower  part  of  Fig.  i,  where  absolute  magnitude  is  plotted  against 
the  logarithm  of  the  period  in  days.  The  curve  is  defined  by  more 
than  330  stars,  of  which  nearly  40,  having  periods  longer  than  a 
day,  fall  along  the  curve  at  points  where  the  variation  of  magnitude 
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Fig.  I. — Above:  Relation  of  period  to  color-index  for  Cepheid  variables. 
Relation  of  period  to  median  absolute  magnitude  for  Cepheid  variables. 


Below: 


with  period  is  rapid.  Considering  the  uncertainties  in  the  periods 
and  magnitudes  for  some  of  the  stars,  the  average  deviation  from 
the  smooth  curv^e  is  remarkably  small — there  is  hardly  a  Cepheid 
known  to  be  discordant. 

From  the  curve  we  see  first  that  the  decrease  of  median  bright- 
ness with  decreasing  period  is  essentially  linear  until  a  period  of 
less  than  three  days  is  reached,  and  second  that  the  absolute  mag- 
nitude decreases  no  farther  after  the  period  has  become  a  little 
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shorter  than  one  day.  Referring  to  another  curv-e  in  the  same 
paper,  which  is  reproduced  in  the  upper  part  of  Fig.  i,  we  observe 
that  the  change  of  median  color-index  with  period  is  of  much  the 
same  general  character.  A  few  remarks  may  be  made  on  the 
possible  interpretation  of  these  curves. 

It  has  been  shown  in  an  earlier  paper^  that  the  relation  of  period 
to  spectral  type  and  color-index  can  be  provisionally  explained  (if 
we  adopt  a  pulsation  hypothesis  of  Cepheid  variation)  as  a  result  of 
increasing  density  with  decreasing  color-index  for  giant  stars. 
Thus  a  general  relation,  which  is  known  to  have  a  wide  application 
in  astronomical  and  physical  problems  and  which  holds  without 
doubt  in  the  present  case,  gives  the  period,  P,  of  an  oscillation  in 
a  gaseous  star  as  a  function  of  the  radius  and  the  surface  gravity; 
or,  if  p  is  the  mean  density, 

P^  oc4  (i) 

P 

For  giant  stars  the  dependence  of  mean  density  on  spectrum  is 
approximately  known  from  eclipsing  binaries,  and  the  application 
of  (i)  to  Cepheid  variables  of  known  period  gives  for  each  spectral 
type  a  mean  density  of  quite  the  same  order  as  that  found  from 
eclipsing  stars.  Thus,  through  the  intermediary  of  the  mean  den- 
sity, the  observed  connection  of  median  color-index  and  period  is 
readily  understood. 

The  reason  for  the  dependence  of  luminosity  on  period  is  not 
so  definite,  but  the  following  discussion  seems  to  indicate  the  physi- 
cal interpretation.     If  L  be  the  total  luminosity  of  a  giant  star,  we 

may  write^ 

L  =  7rr'J 

where  r  is  the  radius  and  /  the  luminosity  per  unit  of  apparent  sur- 
face. Now  J=f  {T,  Ps,  i) ;  that  is,  the  light  intensity  per  unit  area 
depends,  not  only  upon  the  eft'ective  surface  temperature,  T,  but 
probably  also  upon  the  density  at  the  stellar  surface,  ps,  and  the 
degree  of  ionization,  i — the  last  involving,  it  may  be,  the  chemistry 
of  the  star  as  well  as  its  ordinary  physical  properties.     But  with 

'  Mt.  Wilson  Contr.,  No.  92;  Astrophysical  Journal,  40,  448,  1914. 
'  Neglecting  darkening  at  the  limb. 
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good  cause  we  believe  that  the  effective  temperature  (and  hence 
the  color-index,  C.I.)  is  by  far  the  most  important  factor  in  surface 
brightness.     Denoting  mass  by  n,  we  may  write 

Introducing  (i), 

L  ^  (/xP^)^(C.I.)  (2) 

and  we  have  a  physical  explanation  of  the  interdependence  of  the 
luminosity  and  period  in  Cepheid  variation. 

For  the  absolute  magnitude,  M ,  of  stars  differing  little  in  spec- 
tral type  (such  as  the  Cepheid  variables  for  which  proper  motions 
are  known)  we  derive  from  (2) 

M  oc  2  log  P+log  fx. 

It  appears  from  Eddington's  theoretical  work  on  giant  stars  as  well 
as  from  observational  data  relative  to  binaries  of  various  t\^es  that 
the  range  in  the  masses  of  stars  is  small,  so  that  the  approximate 

theoretical  relation 

M  =  k\ogP  (3) 

is  of  the  same  form  as  that  observed  for  the  Cepheid  stars  of  longer 
period  (Fig.  i). 

The  inclusion  of  log  )U  in  (3)  would  not  in  the  mean  disturb  the 
linear  form  of  the  relation,  for  the  dispersion  in  mass  is,  so  far  as 
we  know,  comparable  for  giants  of  different  spectral  types  redder 
than  A.  But  over  a  wide  range  of  spectrum  0  (C.I.)  becomes  impor- 
tant in  maintaining  the  luminosity  in  the  face  of  contraction.  The 
increase  of  surface  intensity,  with  the  progression  toward  bluer 
spectrum,  may  wholly  counterbalance  the  tendency  to  diminish  the 
total  hght-emission  through  shortening  periods  and  smaller  stars — 
especially  near  the  blue  end  of  the  giant  series  where  critical  and 
asymptotic  conditions  are  more  likely  to  prevail' — and  in  conse- 
quence the  luminosity-period  curve  theoretically  should  flatten  out 

'  "The  concurrent  progression  toward  a  definite  limit  of  luminosity,  spectrum, 
and  period  suj^Kfsts  that,  in  the  evolutionary  sequence  of  stars,  Cepheid  variation 
is  abruptly  limited  at  or  near  the  blue  end  of  the  giant  series  because  of  the  changing 
physical  conditions  in  the  interiors  of  the  gaseous  masses." — Mt.  Wilson  Co)ilr.,^o.  151, 
p.  21,  1917. 
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as  observed.  If,  however,  the  counterbalance  is  maintained  through- 
out the  whole  giant  series  and  luminosity  depends  only  on  the  mass, 
as  some  important  researches  suggest,'  then  (i)  the  mass  appar- 
ently determines  when  in  a  star's  history  Cepheid  variation  may 
occur,  (2)  the  period  never  changes  materially  during  the  life  of 
the  variation  except  possibly  for  cluster-t>^e  variables,  and 
(3)  the  luminosity-period  law  may  more  appropriately  express  the 
mass-period  or  mass-density  relation  of  Cepheid  variation. 

It  appears  from  the  foregoing  consideration  that,  granting  the 
pulsation  hj^Dothesis  of  Cepheid  variation,  there  is  a  definite  reason 
for  the  dependence  of  total  luminosity  on  period  and  a  fairly 
plausible  interpretation  of  the  almost  linear  relation  between  the 
logarithm  of  the  period  and  absolute  magnitude.  Quantitative 
evaluation  of  the  theoretical  equations  should  be  possible  eventu- 
ally, and  in  fact  has  already  been  made  tentatively.  The  computed 
results  roughly  conform  with  observation,  but  Uttle  weight  can  be 
attached  to  this  agreement  because  of  the  present  necessity  of 
rather  vague  assumptions  as  to  the  progression,  with  spectral  type, 
both  of  /  and  of  darkening  at  the  limb. 

Eliminating  the  logarithm  of  the  period  from  the  two  curves  of 
Fig.  I,  we  obtain  in  Fig.  2,  in  the  plot  of  absolute  magnitude  as  a 
function  of  color-index,  a  curve  that  may  be  of  considerable  impor- 
tance in  Cepheid  theories.  For  comparison  with  this  curve  the 
relation  between  absolute  magnitude  and  color-index  for  the  giant 
stars  in  four  globular  clusters  is  plotted  along  a  broken  line  in  the 
same  figure.^  We  note  that  the  change  of  luminosity  with  advan- 
cing spectral  tj^De  is  about  the  same  for  Cepheid  variables  of  the 
galactic  system  as  for  all  giant  stars  of  globular  clusters.  Perhaps 
our  more  extensive  knowledge  of  the  former  can  throw  hght  on  the 
general  problem  of  the  relationship  of  successive  spectral  t}^es. 

The  constant  difference  between  the  curves  of  Fig.  2,  which  is 
certainly  larger  than  any  systematic  error  involved,  indicates  that 
for  a  given  color  Cepheids  are  more  than  twice  as  bright  as  other 

'  Various  papers  by  Eddington  and  Jeans  in  the  Monthly  Notices,  Nature,  and 
The  Observatory  during  1916  and  191 7.     Cf.  the  tenth  paper  of  this  series,  p.  8. 

'  Adapted  from  the  mean  of  the  results  given  in  Table  II  of  Alt.  Wilson  Com- 
munications, No.  34;  Proceedings  of  the  National  Academy  of  Sciences,  2,  525,  1916. 
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stars;  or  rather,  since  the  largest  uncertainty  is  probably  in  the 
colors  of  the  Cepheids,  it  indicates  that  for  a  given  magnitude  the 
variables  appear  to  be  nearly  0.4  mag.  bluer  than  other  giant  stars. 
If  minimum  color  and  magnitude  of  the  Cepheids  be  substituted 
for  the  median  values,  the  two  curves  become  nearly  coincident. 
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Fig.  2. — Relation  of  color-index  to  absolute  magnitude  for  Cepheid  variables. 
The  broken  line  represents  the  corresponding  relation  for  the  giant  stars  of  Messier 
3,  5,  13,  and  15. 


II.      THE  COMPOSITE  COLOR-CURVE  OF  103  CLUSTER-TYPE  VARIABLES 

The  determination,  from  plates  made  with  the  6o-inch  reflector, 
of  the  magnitudes  of  a  sequence  of  reference  stars  in  Messier  3, 
permits  the  transformation  to  the  Mount  Wilson  system  of  the 
light-curves  derived  by  Bailey.'  Since  details  of  the  derivation  of 
magnitudes  for  the  comparison  stars  will  appear  elsewhere,  it  will 
sufhce  for  the  present  note  to  give  only  the  final  photographic  and 
photo- visual  results.  The  first  two  columns  of  Table  I  contain  the 
designation  of  the  comparison  star  by  Bailey  and  the  corresponding 
number  in  von  Zeipel's  catalogue.^  The  Harvard  and  Mount 
Wilson  photographic  magnitudes,  in  the  following  columns,  dilYer 
in  part  because  of  the  well-known  systematic  difference  between 

'Harvard  Annals,  78,  Part  i,  1913. 

'  Auftalcs  de  VObservatoire  dc  Paris,  25,  1,  1908. 
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the  two  systems,  but  mainly  because  of  the  somewhat  provisional 
nature  of  the  pubhshed  Harvard  magnitudes  for  this  sequence  of 
stars. ^  By  plotting  against  each  other  the  numbers  of  the  third 
and  fourth  columns  a  fairly  smooth  curve  is  obtained  which  can  be 
used  to  change  the  obsen.-ed  photographic  magnitudes  from  one 
system  to  the  other. 

TABLE  I 

Comparison  St.\rs  in  Messier  3 


Designation 


Harvard 


von  Zeipel 


Harvard 

Photographic 

Magnitude 


Mt.  Wilson     |     Mt.  Wilson 

Photographic     Photo-Visual 

Magnttcde     I     Magnitude 


Color-In-dex 


740 
238 
640 
263 

250 

218 

227 

258 

609 

1131 

1055 

1327 


13-50 
1358 
1398 

14.  22 

14-50 
14.98 
15.28 
15-70 
16.00 
16.23 
16.49 
16.82 

17-15 
17.63 


13-40 
12.48 
13.22 
13-41 
13-91 
14-51 
14.60 

15-54 
15-70 
15-48 
15.26 
15-49 
15-78 
16.38 


+  0M7O 

+  1-79 
+  1.18 
+  1 .12 
+0.90 

+0.53 
+0.65 
—0.02 
—0.04 

+0.33 
+0.69 
+0.68 
+0.65 
+0.41 


*  Variability  suspected  by  Bailey. 


The  close  similarity  of  the  photographic  Hght-curves  of  the 
typical  variables  in  ^Messier  3  makes  possible  the  general  represen- 
tation of  them  all  by  the  single  mean  curve^  which  is  tabulated  in 
the  first  two  columns  of  Table  III  and  drawn  as  a  full  line  in  Fig.  3. 
Whatever  irregularities  may  exist  in  the  indiAadual  variations  are 
smoothed  out,  of  course,  in  this  mean;  and  in  particular  the  range 
may  be  sHghtly  too  small  because  the  rapid  variation  at  maximum 
is  concealed  to  some  extent  by  the  length  of  exposures  necessary  on 
the  Harvard  plates.  Also  it  is  not  likely,  except  in  the  mean  curve, 
that  the  Hght  actually  remains  constant  for  three  hours  at  minimum. 
It  is  to  be  noted  in  this  mean  result,  however,  that  both  the  form 

'  Cf.  Mt.  Wilson  Contr.,  No.  115,  p.  13,  n.  i.  In  a  recent  letter  Professor  Bailey 
writes  that  the  magnitudes  are  being  revised  on  the  basis  of  the  Hansard  Polar 
Sequence. 

'  Derived  from  Bailey's  Table  XIX,  op.  cit.,  p.  89. 
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of  the  curve  and  the  photographic  amplitude  of  i .  2  magnitudes  are 
much  the  same  as  those  usuall}'  observed  for  isolated  cluster-type 
variables. 

The  derivation  of  visual  or  photo-visual  curves  for  each  of  these 
variables  would  entail  much  work,  but  a  mean  photo-visual  curve 
can  be  derived  with  considerable  certainty  and  without  difficulty 
through  the  determination  of  a  composite  color-curve.  ^Making  use 
of  the  remarkable  similarity  of  the  variables  and  noting  that  the 
shghtly  differing  periods  are  not  commensurable,  we  may,  if  we 
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Fig.  3. — Mean  photographic  and  photo-visual  light-cur\-es  of  103  cluster-type 
variables  in  Messier  3. 

choose,  interpret  the  hundred  magnitudes  which  are  derived  for 
variable  stars  from  a  single  photograph  of  the  cluster  as  a  hundred 
different  observations  distributed  at  random  along  the  light-curve 
of  one  variable — that  is,  along  the  mean  light-curve.  Similarly,  the 
determination  of  the  color  at  a  given  instant  for  the  hundred  vari- 
ables gives  immediately  a  hundred  observations  for  the  determina- 
tion of  a  mean  color-curve.  Some  of  the  periods,  however,  are  not 
known  accurately  enough  to  allow  the  computation  of  phases  for 
the  time  of  observation,  and  the  curve,  therefore,  gives  color  as  a 
function  of  photographic  magnitude  rather  than  of  time.  To  dis- 
tinguish this  property  it  will  be  called  a  composite  color-curve. 

For  the  measures  of  color,  two  pairs  of  photographs  of  Messier  3 
were   made   on   December    20,    1917,   each   pair   consisting  of  a 
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TABLE  II 


Va&uble 


Plates  4309  and  4310 


^tSdi^  !    Color-Index 


Plates  4311  ajjd  4312 


Photographic 
Magnitude 


Color-Index 


173 
181 
214 

221 
222 
223 
226 

249 

252 

253 
264 
278 

279 
296 

305 
318 
321 
328 
338 
351 

353 
355 
361 
362 
366 
374 
378 
379 
384 
391 
396 
397 
404 
411 
425 
451 
455 
479 
537 
541 
616 
623 
644 
650 
656 
679 
700 
710 
713 
759 
765 


15 

06 

lO 

33 

15 

54 

16 

28 

15 

91 

15 

41 

15 

70 

15 

70 

15 

06 

15 

70 

15 

77 

16 

23 

15 

20 

15 

77 

15 

33 

15 

70 

13 

95 

16 

20 

15 

91 

15 

20 

^5 

87 

15 

65 

^^5 

49 

16 

20 

15 

83 

15 

91 

15 

14 

16 

24 

15 

61 

14 

47 

16 

20 

15 

91 

15 

94 

16 

46 

16 

20 

15 

98 

15 

41 

15 

77 

15 

30 

15 

93 

14 

88 

14 

62 

14 

97 

16 

35 

15 

91 

14 

97 

15 

41 

15 

91 

16 

46 

16 

20 

16 

28 

15 

14 

-o-^is 


—  O.OI 

+0.36 
+0.19 
+0.29 
+0.06 

+0-35 
+0.03 
+0.12 

+0.44 
+0.44 
+0.08 
-j-0.22 
+0.17 
+0.28 
+  1.61 

+0-43 
+0.  22 
-0.08 
+0.29 
+0.21 
+0.32 
+0.38 
+0-39 
+0.33 
+0.21 
-fo.42 
+0.32 
— o.  29 


+0.22 
+0.31 
-1-0.64 
+0.46 
+0.34 
-|-o.  20 
-|-o.oi 
-|-o.  20 

+0.43 
+0.14 
— o.  16 

-0.03 
+0.53 

+0.06 
—  0.16 

4-0.25 
-t-0.24 

-1-0.72 

+0.67 
+0.59 

-|-0.  21 


14.68 
16.30 

15 -68 
16.54 
15-68 
15-54 
15-92 
15-87 
15-64 
15-95 
15-S1 
16.24 

15-39 
15-95 
15.61 

15-95 
13-88 
16.05 
15-99 
15-39 
15-97 
15.61 

15-47 
16.12 
15.86 
15-51 
15-34 
16.05 
15.68 
14-83 
16.18 
16.09 
16.09 
16.03 
16.09 
16.09 
15-64 
15-84 
15.61 
16.12 
15.08 
15.01 

15-34 
16.05 
16.03 
15.61 
15.68 
15-92 
16.34 
15-87 
16.13 
15.61 


-o'?37 
+0.18 
+0.08 
+0.47 
+0-37 
-I-0.21 
+0.19 
+0.47 
+0.39 
+0.27 
+0.17 
+0.23 

-Ko.I2 
+0.52 

+0-39 
+0.52 

+  1-52 
-t-0.24 
+0.52 
+0.05 
-1-0.36 
-f-0.2I 

+0.34 
+  0.38 

+0-39 
+  0.36 

-i-O.I2 

+0.15 
+0.25 

—0.09 

+0.38 

+0.29 
+0.75 
+0.53 
+0.35 
+0-59 
+0.30 
+O.I7- 
4-0.30 
4-0.50 
-0.05 
4-0.09 
-ho. 18 

+0.55 
4-0.08 

+0.34 

4-0.22 
-1-0.42 

4-0.49 
4-0.13 
4-0.63 
4-0.40 
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TABLE  ll—Conlinued 


Variable 


775  ■ 
776 
818 
840 

873 
922 
948 
96s 
999 
1003 
1041 

1057 
1090 
1 105 
1122 
1 1 26 
1 164 
1181 
1184 
1187 
1 201 
1202 
1207 
1222 
1231 
1234 
1250 

1253 
1259 
1265 
1268 
1277 
1 291 
1292 
1298 
1307 
1308 
1317 
1320 
1321 
1330 
1353 
1357 
1373 
1380 
1384 
1386 
1388 
1400 
1406 
1409 
1422 


Plates  4309  and  4310 


Photographic 
Magnitude 


33 
40 
21 
91 
14 
77 
91 
91 
70 

55 
26 

91 
91 
87 
94 
2,2, 
38 
28 
06 
66 
09 
26 
05 
77 
91 
55 
90 

91 


Plates  4311  and  4312 


Color-Index 


Photographic 
Magnitude 


Color-Index 


+o¥66 

+0. 22 

+0. 

+0. 

+0. 

+0. 

+0. 

+0. 

+0. 

+0. 

+0. 

+0. 

+0. 

+0. 

+0. 

+0. 

+0. 

+0. 

+0. 

+0. 

+0. 

+0. 

+0. 

+0. 

+0. 

+0. 

+0. 

+0. 


+0. 
+0. 
+0. 
+0. 
+0. 
+0. 
+0. 
+0. 
+0. 
+0. 
+0, 
+0. 
+0, 
+0. 
+0, 
+0, 
+0 
+0 
+0 
+0 
+0 
+0 
— o 


27 
09 

14 
27 
56 
33 
33 
38 
62 
28 
63 
37 
48 
41 
66 

44 
02 
38 
46 

15 
12 

56 
22 
22 
16 
63 
07 
07 
27 
11 
20 

47 
10 
62 

28 
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photographic  and  a  photo-\-isual  plate.  The  photo-visual  plates 
were  interrupted  when  half  exposed  to  obtain  the  photographic 
exposures,  thus  insuring  the  essential  coincidence  of  the  mean  times 
of  the  two  observations.  Very  rarely  will  an  observation  occur  at 
such  a  phase  of  the  hght-variation  that  appreciable  error  in  the 
color  can  arise  from  this  method  of  obser\-ing.  The  results  of  the 
measures  are  given  separately  for  the  two  pairs  of  plates  in  Table  II. 
The  first  column  contains  the  number  of  each  variable  in  von 
Zeipel's  general  catalogue,  the  second  and  fourth  contain  its  ob- 
served photographic  magnitude  on  the  Mount  Wilson  system,  and 
the  third  and  fifth  the  difference  between  this  magnitude  and  the 
corresponding  photo-v-isual  result.  No.  318,  a  bright  variable  to 
which  no  t\pe  or  period  has  been  assigned,  is  not  included  in 
the  discussion. 

A  noticeable  diversity  of  color  for  a  given  magnitude  is  CNddent 
in  the  plots  of  the  individual  results  of  Table  II.  This  may  be 
attributed  to  accidental  error,  or  to  real  differences  in  the  variables, 
or  perhaps  to  actual  differences  in  the  color  for  a  given  magnitude 
on  the  ascending  and  descending  branches.  But  taking  the  mean 
of  the  color-indices,  grouped  in  order  of  photographic  magnitude, 
a  very  definite  composite  color-curve  is  obtained  for  each  pair  of 
plates.  As  no  material  difference  appears  in  the  results  from  the 
two  pairs,  the  normals  for  each  are  combined  into  the  following 
means,  which  are  graphically  shown  in  Fig.  4: 


Mean  Photographic 
Magnitude 

Nixmber  of 
Variables 

Mean 
Color-Index 

14.78 

7 
23 
26 

39 

S8 
38 
13 

—  0.14 
+0.05 
-ho. 19 

-1-0.27 

+0.34 
+0.41 

+0-55 

I^.II 

i;   28 

15.64 

15.80 

16.12 

16.^^ 

From  the  mean  photographic  curve  and  this  composite  color- 
curve  we  obtain  immediately  for  the  variables  of  Messier  3  a  mean 
photo-visual  curve.     The  co-ordinates  appear  in  the  first  and  fourth 
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columns  of  Table  III,  and  are  plotted  as  a  broken  line  in  Fig.  3. 
Again  the  form  of  the  curve,  its  amplitude,  and  the  color  variation 


+0.6 


Photographic  magnitude 
15.0  15.5  16.0 


Fig.  4. — Composite  color-curve  of  103  cluster-tj-pe  variables  in  Messier  3 


TABLE  III 

Mean  Photographic  axd  Photo- Visual  LiGHT-CfTRVES  of  Cluster-Type 
Variables  in  Messier  3 


Phase 

Mt.  WUson 
Photo- 

Color-Inde.x 

Photo- 
Visual 

Phase 

Mt.  Wilson 
Photo- 
graphic 

Magnitude 

Color-Index 

Photo- 
Visual 

1      grapmc 
:  Magnitude 

Magnitude 

Magnitude 

0.000. .  .        14.90 

-o«07 

14.97 

0.271.  .  . 

16.07 

-foM42 

15-65 

O.OII . 

..        14 

93 

—  0.06 

14 

99 

0.283,.. 

16.08 

+0.42 

IS 

66 

0.023. 

■1      ^4 

96 

—  0.04 

IS 

00     ^ 

0.294... 

16.09 

+0.43 

IS 

66 

0.034. 

•■       15 

00 

—  O.OI 

IS 

01    1 

0.305    •• 

16.09 

+0.43 

15 

66 

0.045. 

■1      15 

04 

+0.01 

IS 

03 

o.3I7... 

16.10 

+0.43 

15 

67 

0.057. 

IS 

II 

+0.05 

IS 

06 

0.328... 

16.10 

+0.43 

15 

67 

0.068. 

15 

17 

+0.07 

IS 

10 

0.339- ■■ 

16.10 

+0.43 

15 

67 

0.079. 

IS 

23 

+0.11 

IS 

12       1 

0.350... 

16.10 

+0.43 

IS 

67 

0.090. 

15 

32 

-1-0. 16 

IS 

16   1 

0.362. . . 

16.10 

+0.43 

IS 

67 

0.102. 

15 

39 

-fo.i8 

IS 

21 

0.373-- 

16.10 

+0.43 

15 

67 

0.II3. 

15 

48 

-fo.22 

IS 

26 

0.384... 

16.10 

+0.43 

IS 

67 

0. 124. 

15 

58 

-fo.26 

IS 

32 

0.396... 

16.10 

+0.43 

IS 

67 

0.136. 

IS 

67 

+  0.29 

IS 

38 

0.407... 

16.10 

+0.43 

IS 

67 

0.147. 

15 

73 

+0.31 

IS 

42 

0.418. . . 

16.09 

+0.43 

IS 

66 

0.158. 

15 

79 

+  0.33 

IS 

46 

0.430. . . 

16.09 

+0.43 

IS 

66 

0.170. 

IS 

84 

+  0.34 

IS 

so 

0.441... 

16.08 

+0.42 

15 

66 

0.181. 

IS 

87 

+  0.36 

IS 

SI 

0.452... 

16.06 

+0.42 

15 

64 

0.192. 

IS 

91 

+  0.37 

IS 

54 

0 . 464 . . . 

16.01 

+0.40 

IS 

61 

0 . 204 . 

IS 

94 

+  0.38 

IS 

56 

0.475- ■• 

15-93 

+0.38 

IS 

55 

0.215. 

15 

98 

+0-39 

IS 

59 

0 . 486 . . . 

15-77 

+0.33 

IS 

44 

0. 226. 

'.'.'.    16 

01 

+0.40 

IS 

61 

0.497... 

I5S3 

+0.24 

IS 

29 

0.237. 

..!    16 

03 

+0.41 

IS 

62 

0.509... 

15.  22 

-fo.ii 

IS 

11 

0.249. 

16 

04 

+0.41 

IS 

63 

0.520.. . 

15.06 

-fo.02 

IS 

04 

0.260. 

•• 

16 

06 

+0.42 

IS 

64 

0.531... 

14.96 

—0.04 

IS 

00 

are  all  sensibly  the  same  as  for  the  isolated  cluster- tj'pe  variables 
of  the  galactic  system.  The  quantitative  agreement  of  these  dis- 
tant stars  with  the  local  variables  in  phenomena  of  color  is  also 
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important  and  favorable  evidence  of  the  accuracy  of  the  photo- 
visual  and  photographic  magnitude  scales  relative  to  each  other^ 
and  of  the  absence  of  hght-scattering  in  space. 

III.      ON    THE    RELATION    OF    COLOR    TO    PERIOD    FOR    CLUSTER-TYPE 

VARIABLES 

In  the  third  and  fourth  sections  of  the  sixth  paper  of  this  series'^ 
attention  has  been  called  to  certain  properties  of  the  different  kinds 
of  cluster-type  variables.  In  co  Centauri,  for  instance,  the  three 
subclasses  defined  by  Bailey  differ  from  each  other  in  the  form  and 
ampKtude  of  the  mean  light-curve,  and  most  clearly  in  length  of 
period.  In  Messier  3  and  Messier  5,  where  nearly  all  variables  are 
of  the  most  t>^ical  kind,  a  second  subclass  is  only  sparingly  repre- 
sented, but  in  Messier  15  the  variables  fall  into  two  nearly  equal 
groups.  It  appears  definitely  that  the  median  intrinsic  luminosity 
in  all  subclasses  is  photographically  the  same — an  important  phe- 
nomenon that  a  full  interpretation  of  these  variables  must  explain. 

The  differences  in  period  of  the  subclasses  naturally  suggest  corre- 
sponding differences  in  the  effective  density;  or  it  may  be  that  the 
character  of  the  underlying  pulsation  differs  somewhat  in  the  various 
groups.  On  the  basis  of  the  first  alternative,  if  the  mean  densities 
increase  with  shortening  periods^  while  the  photographic  magnitudes 
do  not  change,  we  must  expect  the  change  in  the  surface  area  to  be 
compensated  by  greater  intensity  of  radiation  per  unit  of  surface, 
and  investigations  of  the  color  phenomena  for  the  different  sub- 
classes should  afford  a  partial  test.^ 

In  Messier  15  the  faintness  of  the  variables  makes  a  detailed 
study  of  individual  color-curves  inadvisable  at  present,  and  accord- 
ingly the  method  used  in  the  preceding  note  is  employed  to  obtain 
composite  color-curves  for  the  two  groups  of  variables.  Professor 
Bailey  has  kindly  communicated,  especially  for  the  present  investi- 
gation, the  preliminary  results  of  his  study  of  the  periods  and  Kght- 
curves  of  the  53  variables  in  this  cluster.^     One  or  two  have  periods 

'  Mt.  Wilson  Contr.,  No.  151,  191 7.  *  See  sec.  I  of  this  Contribution. 

3  w  Centauri  is  too  far  south  for  detailed  color  investigations  at  ]Mount  Wilson. 
Color-curves  are  being  derived  for  the  variables  of  Messier  5. 

"  A  preliminary  report  on  his  work  is  abstracted  in  Popular  Astronomy,  25,  520, 
1917. 
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longer  than  a  day,  for  several  the  periods  have  not  yet  been  found, 
and  for  others  accurate  photometric  measures  are  not  possible. 

TABLE  IV 
Composite  Color-Cxirves  of  Variables  in  Messier  15 


V^ARIABLE 


Approximate 
Period 


Plates  4284-4285 


Photographic 
Magnitude 


Color-Index 


Plates  3986-3987 


Photographic 
Magnitude 


Violet-Index 


2 

3 
4 
5 
6 

7 
8 

9 
10 
II 
12 
13 
14 
15 
16 
18 

19 
20 
22 
23 
24 

25 

26 
29 
30 
31 
32 
35 
38 
39 
40 

41 
42 
43 
44 
45 
48 

50 
SI 


o<?66 

0.39 
0.31 
0.38 
0.67 

0-35 

0.65 

0.72 

o. 

o. 


o. 
o. 

0.58 

0.67 

0.37 

0-57 

0.69? 

0.72 

0.67 

0.37 

0.67 

0.40 

0.57 

0.41 

0.44 

0.61 

0.38 

0.38 

0.39 

0.38 

0.42? 

0.36 

o .  29  ?  ? 

0.60 

0.66 
0.38 
0.30 
0.42 


6. 
6. 
6.  22 
6.38 


.  10 

•13 

•53 

•49 

C6.47 

5  98 

5  98 

6.13 

6.52 

6.27 

6.18 

6. 10 

556 

5  90 

6.13 

5  90 


53 
06 


27 
49 
66 
82 

30 

56 

6.22 

6.30 


+0M51 
-fo.44 
+0.44 
+0.16 

+039 
+0.50 
+0.06 
+0.08 
+0.42 
+0.23 
-fo.28 
+0.36 

+0-35 
+0.19 

—  o.  20 

—  o.  16 

+0.65 
+0.33 

+0.26 
+0.36 
+0.68 

+0-33 
+0.  26 
+0.30 
—0.09 
+0.19 
+0.31 
+0.19 
-0.23 
+0.32 

+0.33 
+0.56 
-0.18 
-0.0s 
+0.08 

+0.54 
— o.  16 
+0.28 
+0.36 


6.21 
5  90 
5-85 
643 
6. II 

5-99 
6.03 
6.36 
6.32 
6.03 

6.34 
6.42 
6.08 
6.26 
585 
5  90 
6.47 
6.03 
552 
6.31 
5.78 
6.42 
6.37 
6.37 
6.03 
6.58 
5-75 
6.44 
6.44 
5.8s 
5-9° 
6.03 
6.32 
5  96 
6.35 
5  96 
5.82 

6.43 
6.22 


— o¥io 
+0.03 

—  O.  12 

— o.  29 

+  0.05 

— o.  16 
—0.01 

—  O.IO 

—0.12 
—0.07 
—0.14 
—0.02 
—0.20 
—0.24 

—  o.  10 
—0.07 


— 0 

+0 

19 
13 

+0 

— 0 

02 

16 

— 0 
— 0 

II 
02 

-0.08 
-0.28 

—0.20 
— o.  10 
+0.02 

—  O.OI 

—0.27 
—0.03 

—  O.  IQ 

—  0.08 
0.00 

-0.17 

—  0.06 


The  39  variables  with  periods  less  than  a  day,  for  wliich  photo- 
visual  and  photographic  magnitudes  have  been  obtained  from  a 
pair  of  plates  made  on  December  19,  191 7,  are  hsted  in  Table  IV. 
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As  a  preliminary  to  the  derivation  of  the  magnitudes  and  colors 
of  the  third  and  fourth  columns,  it  was  necessary  to  study  the 
comparison  stars  by  means  of  a  series  of  polar  comparisons.  At  the 
same  time  colors  were  determined  for  a  considerable  number  of 
other  stars  in  the  cluster.  Since  the  discussion  of  magnitudes  fol- 
lows the  customary  lines,  all  details  may  be  omitted  from  this  note. 

The  color-index  of  each  variable  is  plotted  against  photographic 
magnitude  in  the  upper  part  of  Fig.  5,  the  dots  indicating  variables 
with  periods  between  0^57  and  0*^71  and  the  crosses  indicating  those 

Photographic  magnitude 
15.6         15.8        16.0        16.2         16.4 

II  I  .  '. 

S  <  +0.6 


+0.3 


I       +0.3 


i: 


^    I  0.0 

>         -0.3 

Fig.  5. — Composite  color-curves  of  cluster-type  variable  stars  in  ^Messier  15; 
the  dots  refer  to  the  longer-period  subclass,  crosses  to  the  shorter-period  subclass, 
and  open  circles  to  means  of  six  values. 

vdih  periods  between  0*^29  and  0^44.  As  in  the  preceding  note,  all 
dots  may  be  interpreted  as  representing  different  observations  on 
a  single  mean  variable  of  period  about  o'i^64,  and  the  crosses  as  rep- 
resenting different  observations  on  a  t\pical  variable  in  the  second 
group,  with  mean  period  of  about  0*^36.  The  usual  absolute  values 
of  the  color  and  the  usual  increase  of  redness  with  decreasing  bright- 
ness are  shown  by  the  observations;  but  no  material  difference 
appears  in  color  for  the  two  groups,  except,  perhaps,  near  maximum, 
where  there  is  a  suggestion  that  the  stars  with  longer  period  are 
redder.^ 

The  test  for  difference  in  color  has  been  carried  into  the  region 
of  shorter  wave-lengths  by  a  pair  of  plates  made  September  11,  191 7, 

'  This  would  be  in  keeping  with  results  for  Cepheids  with  periods  longer  than 
a  day.     Cf.  Fig.  i. 
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in"^ which,  as  a  companion  to  an  ordinary  photographic  plate,  a 
photograph  was  made  on  a  Seed  27  plate  through  a  violet-color 
screen  that  transmits  very  little  to  the  red  of  X  4000  and  has  a 
maximum  transmission  at  about  X  3700.  The  results  are  tabulated 
in  the  last  two  columns  of  Table  IV  and  plotted  in  the  lower  part 

TABLE  V 

Relation  of  Violet-Index  to  Color-Index  for  Giant 

Stars  in  Messier  15 


Star 


a. 
b. 
c. 

d. 
e. 
f. 

g- 
h. 
k. 
1. 
m 
n. 
t. 
u. 

X. 

y- 

z. 
100. 

103- 

104. 

105- 

106. 

107. 

109. 
no. 

108. 

112. 

115- 
155- 
173- 

20I  . 
222  . 


Photographic 
Magnitude 


Color-Index 
(Pg.-Pv.) 


4.14 
451 
458 
4.81 
4.76 
4.98 

S-oi 
S-23 
5-49 
5-68 

5-97 
6.02 
6.10 
6.60 
6.05 
4-51 
S-07 
417 
309 
4. II 
2.81 
417 
4-51 
4.69 
4.18 

415 
423 

415 
4. 10 
4.42 

455 
6.08 
6.00 


+  1V32 
+0.70 

-l-i.iS 
+  1.18 
+  1.06 
-f  1.04 
+0.75 
+0.93 
+0.70 
-fo.68 
+0.29 
-fo.  21 
-t-o.i8 
-fo.66 
-t-0.64 

+  1-23 

-1-0.08 
4-1. 40 

-t-0.45 
-fo.6i 
-fo.6i 

-fi.15 
-I-1.14 
-f-1.28 

4-1. 40 
-1-1.41 

-hi. 52 
-f-o.6o 
-I-1.29 
-I-1.66 

-0.37 
-1-0.46 
4-0.27 


V'iolet-Index 
(V.-Pg.) 


-foM70 
-fo.15 
-ho. 42 

+0-33 
-ho.  46 
-ho.  14 
-ho. 13 
-ho.  28 
-ho. 16 
-0.03 
-ho. 01 
0.00 
-0.05 

—  0.06 
0.00 

+0.55 

—  0.09 
+0.78 
-ho.  36 
-ho.  36 

+0.34 
-ho.  63 
-ho. 46 
-ho.  36 
-ho.  65 
-ho. 97 
-ho. 82 
-ho. 01 
-ho. 87 
+0.65 
-0.43 
-ho.  04 
—0.02 


of  Fig.  5,  dots  and  crosses  being  used  as  before  and  open  circles  indi- 
cating means  of  six  values  taken  in  order  of  photographic  magnitude. 
A  full  consideration  of  the  decrease  of  violct-indcx,  V.  —  Pg., 
with  decreasing  photographic  brightness,  which  indicates  a  smaller 
range  in  violet  magnitude  than  in  photographic,  must  be  deferred 
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until  more  definite  information  is  at  hand  relative  to  the  scale  of 
violet  magnitudes.  As  it  now  stands  the  violet-index  for  these 
cluster-t>^e  variables  decreases  as  color-index  increases — a  result 
quite  the  contrary  of  the  relation  of  the  two  indices  shown  in  Table  V 
for  a  number  of  t}^ical  invariable  giant  stars  in  this  same  cluster. 

SUMMARY 

1.  The  redder  a  Cepheid  variable  the  greater  is  its  intrinsic 
luminosity;  a  nearly  linear  relation  connects  absolute  magnitude 
and  color-index. 

2.  The  general  characteristics  of  the  luminosity-period  curv^e  of 
Cepheid  variation  (Fig.  i)  appear  to  have  a  reasonable  explanation 
on  the  pulsation  hypothesis. 

3.  For  giant  stars  in  at  least  four  globular  clusters  the  decrease 
of  brightness  with  decreasing  color-index  parallels  the  same  phe- 
nomenon for  Cepheids.  When  median  brightness  and  color  are 
considered,  the  variables  of  a  given  absolute  brightness  are  nearly 
four-tenths  of  a  magnitude  bluer  than  other  giant  stars  (Fig.  2). 

4.  The  composite  color-curve  of  more  than  100  cluster-tj-pe 
variables  has  been  determined  from  two  pairs  of  photographs  of 
Messier  3  (Fig.  4). 

5.  In  range  of  variation,  form  of  Hght-curve,  and  phenomena  of 
color  the  variables  of  a  globular  cluster  apparently  are  exactly  com- 
parable with  the  average  isolated  cluster-t}pe  variable  (Fig.  3). 
No  evidence  has  been  found  that  in  different  stellar  systems 
Cepheids  differ  systematically  either  in  median  luminosity  or  in 
nature  of  variation. 

6.  In  Messier  15  two  subclasses  of  cluster- t>pe  variables  which 
have  distinctly  dissimilar  mean  periods  show  neither  a  diflference 
in  median  photographic  magnitude  nor  a  difference  in  color  at  the 
median  magnitude.  At  maximum,  stars  with  shortest  periods  may 
be  slightly  bluer. 

7.  Prehminary  ^dolet  magnitudes  of  cluster-t^'pe  variables  indi- 
cate a  smaller  amplitude  than  in  photographic  light;  for  the  giant 
invariable  stars  of  clusters  the  violet-index,  V.  —  Pg. ,  increases  with 
color-index  and  hence  with  increasing  photo-visual  brightness. 

Mount  Wilson  Solas  Observatory 
December  191 7 


THE  INFR.\-RED  ARC  SPECTRUM  OF  IRON 

By  H.  M.  RANDALL  and  E.  F.  BARKER 

Captain  W.  de  W.  Abney/  in  1881,  in  mentioning  his  failure 
to  photograph  the  infra-red  arc  spectrum  of  iron,  concluded  that 
only  those  metals  which  volatilize  at  low  temperature  possess  an 
infra-red  spectrum.  In  191 2  H.  Lehmann^  published  the  infra-red 
emission  spectra  of  numerous  elements  obtained  by  the  phosphores- 
cent method,  the  extreme  wave-lengths  being  about  1 5,000  A.  Here 
the  infra-red  spectra  were  most  successfully  photographed  for  the 
easily  volatihzed  substances,  while  no  lines  were  found  for  iron.  In 
the  photographic  region  Geiger^  has  obtained  results  extending 
nearly  to  i  fx.  The  four  wave-lengths  which  he  gives  beyond  o  .9  /u 
have,  however,  not  been  verified  by  the  present  investigators.  It 
would  appear  that  he  had  attempted  to  extend  his  measurements 
beyond  the  proper  limits  of  his  observational  method.  ^Slore 
recently  K.  Burns-^  has  worked  in  the  photographic  infra-red  region, 
his  published  values  extending  to  o  9  )u.  In  this  same  region 
Meggers  and  Kiess^  have  recently  obtained  excellent  results  beyond 
o .  9  /x,  and  some  of  their  values  in  that  region  have  been  included 
in  our  tables.  The  region  covered  in  the  present  investigation 
extends  from  9000  to  30,000  A  and  has  been  found  to  contain  some 
fifty  measurable  lines.  Iron  was  found  to  be  a  difficult  material 
to  work  with,  the  first  attempts  being  very  unpromising,  but  gradu- 
ally the  conditions  necessary  for  the  production  of  an  infra-red 
spectrum  sufficiently  intense  and  steady  for  bolometric  measure- 
ment were  learned,  so  that  in  the  region  covered  the  infra-red  iron 
spectrum  is  at  present  the  richest  in  the  number  of  its  measured 
lines.  As  a  large  majority  of  these  lines  are  weak,  it  is  evident 
that  the  iron  spectrum  j^reserves  in  this  region  the  characteristics 
of  its  photographic  region.     'I'he  extent  and  distribution  of  this 

^Proceedings  of  Ihe  Royal  Society,  32,  343,  i88r. 

'  Annalen  der  Pfiysik,  39,  53,  IQ12.  •»  //)/</..  39,  782,  1912. 

*  Lick  Observatory  Bullet  in,  9,  27,  1913. 

5  Scientific  Papers  of  the  Bureau  of  Standards,  Xo.  324,  June  1918. 
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long-wave  spectrum,  together  with  the  exactness  of  the  measure- 
ments now  possible,  suggest  that  an  attempt  to  extend  the  work 
of  Gale  and  Adams'  on  the  pressure-shift  of  iron  lines  into  the 
infra-red  might  meet  with  success.  Should  any  of  the  lines  in  the 
neighborhood  of  25,000  A  belong  to  their  a  group  and  the  law  hold 
that  the  shift  with  pressure  varies  as  the  third  power  of  the  wave- 
length, there  should  be  a  change  in  the  wave-length  of  over  4  A 
for  an  increase  in  pressure  of  10  atmospheres,  while  lines  of  the  d 
group  would  show  a  shift  of  more  than  17  A.  As  it  is  probable 
that  shifts  of  i  A  would  be  readily  observed  under  conditions  easily 
obtainable,  it  is  evident  that  it  is  now  possible  to  extend  investi- 
gations of  pressure-shifts  of  arc  lines  into  the  infra-red  region. 

As  the  experimental  arrangement  of  the  mirror  spectrometer  by 
which  the  line  spectrum  of  the  iron,  produced  by  a  grating,  is  passed 
over  the  slit  of  a  linear  thermopile  has  been  described  in  an  earlier 
paper,^  it  will  not  be  discussed  here.  The  methods  of  observation 
are  also  essentially  the  same.  The  grating  was  that  used  in  pre- 
vious work  and  was  kindly  lent  us  by  Professor  Hussey,  of  the 
Detroit  Observatory.  It  is  a  fiat  six-inch  grating  with  15,000  lines 
per  inch,  ruled  by  Dr.  Andefson,  and  has  given  very  good  service. 
The  slits  of  collimator  and  thermopile  were  at  first  approximately 
o .  2  mm  wide  and  covered  a  spectral  region  in  the  neighborhood  of 
I  /i  of  about  6  A,  and  at  3  /x  of  3  .6  A.  Later  the  entire  spectrum 
was  examined  with  a  slit  o .  5  mm  wide,  and  a  very  appreciable  num- 
ber of  weaker  lines  were  found  and  measured.  No  systematic  dif- 
ferences between  the  values  of  wave-lengths  measured  with  the 
slits  of  different  width  were  noticed. 

Through  the  kindness  of  Professor  Campbell,  of  the  department 
of  chemistry,  we  obtained  the  American  ingot  iron  with  which  the 
major  part  of  the  work  was  done.  This  iron  is  over  99 . 8  per  cent 
pure,  the  largest  single  impurity  being  copper,  which  is  present  in 
the  proportion  of  approximately  0.04  per  cent.  We  also  obtained 
through  the  courtesy  of  Professor  Terry,  of  Wisconsin,  a  sufficient' 
quantity  of  Burgess  electrolytic  iron  to  check  up  the  results  ob- 
tained with  the  other  iron.     None  of  the  impurities,  found  in  small 

^  Astrophysical  Journal,  35,  10,  1912. 

=  H.  M.  Randall,  Astrophyskal  Journal,  34,  i,  1911. 
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traces  only  in  both  irons,  were  found  to  give  lines;  in  fact,  as  later 
experience  has  shown,  iron  less  pure  would  probably  have  sufficed, 
as  it  is  only  when  there  are  large  quantities  of  volatilized  metal 
present  in  the  arc  that  the  lines  appear  with  sufficient  intensity  to 
be  measured. 

The  iron  was  placed  in  a  boring  in  the  positive  carbon,  the 
diameter  of  the  hole  being  as  large  as  the  three-quarter-inch  carbon 
would  permit.  To  secure  greater  localization  of  heat  in  the  metal 
the  carbon  was  occasionally  nearly  sawed  off  immediately  below 
the  boring.  The  carbons  used  showed  the  several  infra-red  K  lines 
and  also  two  others,  whose  approximate  values  are  11,439  A  and 
10,692  A.  As  these  values  do  not  correspond  to  any  infra-red  lines 
previously  measured  their  origin  is  at  present  unknown. 

The  currents  necessary  to  volatilize  the  metal  sufficiently  to  pro- 
duce measurable  lines  from  the  point  of  view  of  intensity  and  steadi- 
ness were  very  large,  in  general  in  excess  of  60  amperes.  Lines 
which  are  broadened  unsymmetrically  may  very  well  have  their 
measured  values  appreciably  altered  by  the  use  of  such  currents, 
as  was  showTi  in  earlier  work,  particularly  with  caesium,'  although 
more  recently^  several  barium  lines  capable  of  measurement  with 
relatively  small  currents  gave  substantially  the  same  values  for  all 
currents.  At  present  there  seems  to  be  no  way  of  avoiding  large 
currents,  and  any  estimation  of  the  accuracy  of  determinations  of 
wave-length  must  be  qualified  through  this  possibility  of  unsym- 
metrical  broadening  which  cannot  be  allowed  for  in  bolometric 
measurements  on  arc  lines.  Recently  the  inclusion  of  a  very  large 
inductance  in  the  circuit  has  very  effectively  prevented  the  frequent 
extinction  of  the  arc  during  observations. 

The  wave-lengths  given  in  the  table  are  in  angstrom  units  as 
measured  in  air  according  to  the  Rowland  scale,  the  spectrometer 
being  calibrated  with  the  Hg  line  10,140.15  A  as  measured  by 
Volks.^  The  intensities  of  the  lines  are  indicated  by  the  mean  of 
"the  galvanometer  deflections  in  millimeters  of  the  separate  deter- 
minations, two  or  more  in  number,  when  the  o .  5  mm  slit  was  used. 

'  H.  M.  Randall,  Astrophysical  Journal,  34,  12,  191 1. 

^  Ibid.,  4a,  200,  1915. 

'  Inaugural  Dissertation,  Tubingen,  1414. 
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These  numbers  given  in  the  first  column  of  the  table  are  at  best 
but  a  very  rough  indication  of  the  relative  intensities  of  the  lines, 
as  the  deflections  for  any  one  line  vary  between  wide  limits,  depend- 
ing upon  the  state  of  the  arc,  which  is  always  very  unsteady.  The 
column  headed  "Maximum  Variation  from  Mean"  will  give  a  good 
idea  of  the  reproducibiHty  of  results  by  the  methods  here  used,  as 
the  values  are  those  obtained  independently  b}'  two  observers  work- 
ing at  different  times,  the  apparatus  having  been  dismounted  and 
otherwise  used  in  the  meantime.  In  general,  unless  otherwise 
stated,  the  values  given  are  considered  correct  to  within  i  or  2  A. 
This  estimate  has  been  verified  whenever  more  accurate  methods 
have  furnished  standards  for  comparison.  In  the  present  work  six 
hnes  between  0.8  fx  and  i  ju,  measured  two  or  more  times,  show  a 
mean  variation  from  values  obtained  photographically  by  ^Meggers 
and  Kiess  of  o  .9  A,  the  maximum  single  difference  being  —  i  .9  A. 
This  is  the  region  of  the  spectrum  where  the  bolometric  method  is 
least  accurate.  The  smaller  dispersion  of  the  grating  here,  together 
with  the  intensity  of  the  general  radiation  in  the  neighborhood  of 
I  n,  produces  a  strong  background  of  rapidly  var}'ing  intensity,  so 
that  the  location  of  lines  superimposed  upon  it  becomes  very  diffi- 
cult. For  the  region  between  0.8^1  and  1  ijl  the  photographic 
method  is  the  more  sensitive,  pelding  more  lines;  the  lines  so 
measured  should  be  more  accurate  than  can  be  obtained  by  our 
method.  Beyond  i  fx,  however,  the  bolometric  method  apparently 
becomes  increasingly  the  more  sensitive,  and  accordingly  our  values 
in  and  beyond  this  region  become  increasingly  the  more  reliable. 

A  number  of  the  lines  marked  with  asterisks  have  been  measured 
but  once,  two  years  ago  this  summer.  They  were  not  found  a  year 
later  when  an  attempt  was  made  to  measure  them.  While  the 
measurements,  when  made,  were  so  normal  in  all  respects  that  we 
have  great  confidence  in  the  Lines,  still  the  fact  that  they  were  not 
found  again  places  them  somewhat  in  doubt.  The  two  strongest 
of  the  lines  in  this  region,  25,987  A  and  26,229  A,  were  found  and 
remeasured  last  year,  which  strengthens  the  view  that  conditions 
at  the  first  measurement  were  particularly  favorable  to  the  forma- 
tion of  a  spectrum,  and  that  for  some  reason  it  was  not  possible  to 
reproduce  those  conditions. 
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In  a  spectrum  so  rich  in  lines  as  that  of  iron  it  will  naturally 
occur  that  a  number  of  the  infra-red  lines  will  coincide,  within  the 
limits  of  accuracy  obtainable  in  these  measurements,  with  the 
higher  orders  of  shorter  lines.     When  the  shorter  lines  are  weak 
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EXPLANATION  OF  REMARKS 

(a)  Meggers  and  Kiess  value  reduced  to  Rowland  scale  8999 . 8  A. 

ib)  Meggers  and  Kiess  9089 . 1  A,  mean  of  two  near  lines. 

(c)   Possible  error  ±3  A,  Meggers  and  Kiess  9210.41. 

id)  Possible  error  ±3  A,  Meggers  and  Kiess  9259.0,  mean  of  two  near  lines. 

(<■)   Meggers  and  Kiess  9407,9,  mean  of  two  near  lines.     Meggers  and  Kiess 

9739  o. 
(/)    (The  foregoing  means  are  weighted  means,  each  line  being  weighted  according 

to  its  estimated  intensity.) 
ig)  Possible  error  ^3  A. 
(A)  Possible  error  =*=3  A. 
(/■)    Possil)Ie  error  ±3  A. 

0")   Absorption  by  water  too  complete  to  be  2d  order  of  K7699.4  (10). 
{k)  Possibly  4th  order  6336. 
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their  higher  orders  do  not  produce  effects  which  are  measurable 
radiometrically.  With  the  strong  lines  absorbing  screens  have  been 
used  when  possible  to  eliminate  effects  of  higher  order.  In  other 
instances  the  complete  absorption  of  the  observed  hnes  by  varying 
thicknesses  of  water  and  glass  have  shown  them  to  be  first-order 
lines  of  long  wave-length.  While  some  of  the  results  in  the  fore- 
going table  appear  to  be  second  orders  of  strong  lines,  it  is  thought, 
nevertheless,  that  in  each  case  the  effect  measured  is  that  of  a 
superposed  first-order  line. 

W^e  have  been  very  materially  assisted  in  part  of  this  work  by 
Mr.  Jean  Cooley,  whose  aid  was  made  possible  through  a  grant  by 
the  American  Academy  of  Science,  to  which  we  wish  to  acknowledge 
our  indebtedness. 

Physical  Laboratory,  Unr^ersity  of  Michigan 
November  19,  191 8 


DISCUSSION  OF  SOME  EVIDENCE  ON  THE  ORIGIN  OF 
RADL\TION  IN  THE  TUBE-RESISTANCE  FURNACE^ 

By  ARTHUR  S.  KING 

In  two  recent  papers^  which  give  his  very  interesting  obser\'a- 
tions  with  the  tube-resistance  furnace,  Dr.  Hemsalech  has  reached 
some  conclusions  based  on  evidence  which  is  not  in  agreement  with 
experimental  results  obtained  by  the  writer.  In  the  interest  of  a 
proper  correlation  of  all  available  data,  so  that  we  may  the  sooner 
see  what  conclusions  may  be  safely  drawTi,  a  brief  account  of  these 
points  of  difference  will  be  given. 

Dr.  Hemsalech,  in  observing  the  iron  spectrum  produced  in  a 
carbon-resistance  tube  at  atmospheric  pressure,  did  not  find  certain 
lines,  notably  the  group  near  X  4900  which  is  strong  in  the  arc,  until 
his  furnace  reached  a  temperature  of  about  2500°  C.  At  this 
temperature  he  considers  that  the  strong  ionization  known  to  take 
place  within  the  tube,  together  with  the  potential  difference  of  a 
few  volts  at  its  extremities,  give  a  conduction  of  electricity  through 
the  vapor  equivalent  to  a  low-tension  arc,  and  that  lines  of  this 
type  require  such  an  electrical  condition  for  their  production  in  the 
furnace. 

The  effect  of  the  ionized  state  within  the  tube  on  the  radiation 
of  the  inclosed  vapor  is  a  matter  which  needs  full  investigation;  but 
sufficient  data  on  the  electrical  side  are  not  yet  available  to  justify 
the  conclusion  that  the  inclosed  vapor  carries  a  considerable  part 
of  the  current,  as  compared  with  the  highly  conducting  graphite 
tube,  under  the  conditions  which  I  have  found  to  give  spectra 
favorable  for  examination.  In  a  former  contribution-'  I  reported 
some  observations  in  which  I  repeated  the  experiments  of  Harker 
and  Kaye''  on  the  ionization  current  between  exploring  electrodes 
and  then   measured   the  resistance  between  insulated  electrodes 

»  Contributions  from  the  Mount  Wilson  Solar  Observatory,  No.  162. 
'  Philosophical  Magazine  (6),  36,  209,  281,  1918. 
i  Ml.  Wilson  Contr.,  No.  73;  Astro  physical  Journal,  38,  315,  IQ13. 
*  Proceedings  of  the  Royal  Society,  86A,  379,  1912 
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placed  within  the  tube  as  compared  with  that  of  the  tube  itself, 
titanium  vapor  at  2600°  C.  being  present.  The  results  showed  the 
resistance  of  the  vapor  to  be  relatively  high. 

Aside  from  the  question  as  to  how  nearly  the  furnace  at  high 
temperature  approaches  a  low-tension  arc,  the  high-temperature 
iron  hnes  referred  to  by  Dr.  Hemsalech  have  been  obtained  by  me 
at  temperatures  much  below  those  at  which  he  considers  that  the 
electrical  conductivity  of  the  vapor  becomes  important.  In  my 
paper'  on  the  furnace  spectrum  of  iron  all  of  the  lines  of  the  X  4900 
group  are  recorded  as  appearing  with  fair  intensity  at  temperatures 
between  2100°  and  2300°,  while  the  two  strongest  were  perceptible 
at  a  temperature  between  1800°  and  1900°.  Since  the  publication 
of  that  paper  I  have  occasionally  photographed  the  iron  spectrum 
under  the  more  fa\orable  conditions  of  improved  furnace  construc- 
tion and  the  use  of  the  15-ft.  concave  grating  spectrograph,  the  first 
order  of  which  gives  very  bright  spectra  wdth  a  dispersion  of  i  mm  = 
3  . 7  A.  The  group  at  X  4900  proved  more  sensitive  than  the  former 
results  indicated,  the  two  strongest  lines,  X  4921  and  X  4958,  being 
visible  at  1650°  ydih  an  exposure  of  no  min.,  while  the  entire 
group,  including  the  weaker  components  of  the  doublets,  was  well 
developed  at  2000°  with  an  exposure  of  15  min.  In  fact  the  later 
experiments  have  shown  that  the  classification  which  I  have  adopted 
does  not  require  temperatures  which  Dr.  Hemsalech  regards  as 
giving  a  low-tension  arc.  Iron  lines  of  Classes  I,  II,  and  III  may 
be  classified  according  to  their  behaWor  at  1700°  and  2000°.  while 
2350°,  in  conjunction  with  the  arc  intensities,  serves  to  place  the 
lines  of  Classes  I\'  and  \ .  This  latter  temperature  was  used  as 
the  high-temperature  stage  in  a  study  of  the  ultra-violet  portion 
of  the  iron  spectrum  now  being  completed.  Higher  temperatures 
increase  the  width  of  reversals  and  may  bring  out  a  very  few  extra 
lines,  but  they  soon  give  difficulty  on  account  of  the  stronger  con- 
tinuous ground,  the  emission  of  which  finally  balances  the  emission 
of  most  of  the  metallic  lines,  while  the  more  reversible  ones  appear 
in  absorption. 

As  the  furnace  of  Dr.  Hemsalech  was  operated  at  atmospheric 
pressure,  which  might  affect  the  vaporization  point  of  iron,  I  have 

'  Mt.  Wilson  Contr.,  No.  66;  Astrophysical  Journal,  37,  239,  1913. 
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made  a  series  of  tests  with  air  present,  but  the  differences  between 
Dr.  Hemsalech's  observations  and  mine  are  not  to  be  ascribed  to 
this  feature.  I  obtained  all  of  the  lines  of  the  X  4900  group  at 
atmospheric  pressure,  the  temperature  not  rising  above  1850°.  An 
interesting  effect,  however,  was  a  much  increased  chemical  action 
with  air  present.  Iron,  when  fused  in  the  furnace,  forms  a  carbide 
in  vacuum,  which  sticks  to  the  tube  but  does  not  penetrate  deeply. 
With  air  present  this  action  was  much  stronger.  The  iron  ate 
into  the  tube  and,  when  the  latter  burned  thin  through  long  use, 
dropped  through  the  wall  in  several  places.  The  tube  was  used 
in  air  without  protection  other  than  being  in  the  steel  chamber, 
the  window-holder  of  which  was  removed.  When  operated  first 
in  vacuum  and  then  with  air  present  the  change  to  atmospheric 
pressure  caused  a  temperature  increase  of  from  50°  to  100°  with  the 
same  impressed  voltage,  though  the  thinning  of  the  tube  gave  a 
lower  average  current.  The  iron  spectrum  was  very  bright,  but 
the  most  notable  difference  relative  to  the  vacuum  spectrum  was  a 
high  intensity  of  the  more  reversible  lines.  The  cyanogen  (nitro- 
gen?) bands  were  strong  at  1850°. 

Obviously  it  must  be  assumed  that  there  is  no  large  discrepancy 
between  the  temperature  measurements  of  Dr.  Hemsalech  and  the 
writer.  The  Wanner  t^pe  of  p}Tometer  was  used  in  both  cases, 
and  with  ordinary  care  this  instrument,  when  properly  adjusted 
with  the  standard  lamp,  and  the  current  through  the  pyrometer 
lamp  kept  constant  by  means  of  a  milammeter,  gives  very  consistent 
readings.  The  extreme  upper  and  lower  temperatures  measured 
by  us  were  nearly  the  same,  my  photographs  showing,  like  his, 
that  a  few  iron  lines  are  emitted  at  as  low  a  temperature  as  1500°  C, 
the  formation  of  the  carbide  evidently  lowering  the  melting-point 
of  iron. 

Dr.  Hemsalech  in  his  latest  paper'  describes  an  experiment  in 
which  he  avoids  exposing  the  vapor  to  a  potential  difference  by 
constructing  a  chamber  resting  on  a  graphite  plate,  the  latter  carry- 
ing the  heating  current.  Judging  from  the  drawing,  the  maximum 
temperature  given  by  the  hot  plate  was  applied  along  only  about 
one-seventh  of  tlu-   |)criphc"ry   of   the   four-sided   chamber.     The 

'  Op.  oil.,  p.   2QO. 
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fusion  of  both  iron  and  copper  in  this  inclosure  failed  to  show  a 
spectrum  for  either,  and  Dr.  Hemsalech  concludes  from  this  that 
their  line  spectra  are  not  to  be  excited  by  purely  thermal  means. 
Granting,  however,  that  a  potential  difference  was  thus  avoided, 
it  would  seem  that  if  the  temperature  were  high  enough  (pyrometer 
readings  are  not  given)  and  the  means  of  observation  sufficient  a 
large  group  of  iron  lines  which  are  subject  to  thermo-chemical 
excitation  should  have  appeared.  This  is  the  stimulus  which 
Dr.  Hemsalech  believes  produces  the  spectrum  shown  by  the  tube 
furnace  up  to  2500°,  and  there  was  full  opportunity  for  the  forma- 
tion of  iron  carbide  and  for  chemical  action  resulting  from  the 
presence  of  oxygen. 

I  must  further  call  attention  to  two  investigations  in  which 
furnaces,  which  seem  to  differ  in  no  essential  respect  from  this 
*'hot  plate"  furnace,  produced  line  spectra.  The  first  case  was 
when  the  writer^  vaporized  substances  within  a  bored-out  carbon 
placed  horizontally  and  heated  at  its  middle  by  an  arc  formed 
between  the  side  of  this  carbon  and  a  vertical  electrode  beneath. 
With  this  crude  furnace,  some  twenty-eight  lines  of  iron  and  three 
of  copper  were  photographed.  I  may  say  in  passing  that  the  lines 
from  the  various  elements  studied  in  this  furnace  have  corresponded 
fully  with  their  low-temperature  spectra  when  produced  by  the 
tube-resistance  furnace  at  present  in  use. 

The  second  furnace  of  this  type  was  constructed  by  Hale, 
Adams,  and  Gale^  in  the  course  of  their  investigation  of  sun-spot 
spectra.  A  powerful  arc  passed  between  two  horizontal  carbons 
and  heated  the  upper  side  of  a  carbon  tube  containing  the  sub- 
stance to  be  vaporized.  The  temperature  inside  the  tube  was 
probably  below  2000°,  as  titanium  could  not  be  melted,  but  a  fairly 
rich  iron  spectrum  consisting  of  the  low-temperature  lines  was  pho- 
tographed in  the  green-yellow  region.  In  both  of  these  arc-heated 
furnaces  a  potential  difference  in  the  iron  vapor  is  avoided. 

A  third  point  in  the  last  paper^  by  Dr.  Hemsalech  on  which  I 
wish  to  present  additional  data  is  the  failure  of  his  tube-resistance 

'  Astrophysical  Journal,  21,  236,  1905. 

'  Mt.  Wilson  Contr.,  No.  11;  Astrophysical  Journal,  24,  185,  1906. 

3  Op.  ciL,  p.  288. 
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furnace  to  show  the  spectra  of  copper,  silver,  and  zinc.  He  was 
unable  to  obtain  any  lines  of  these  elements  even  at  high  tempera- 
ture and  concludes  that  in  addition  to  showing  no  spectroscopic 
reaction  at  moderate  temperatures  their  vapors  are  so  poorly  con- 
ducting that  they  do  not  respond  to  the  potential  gradient  when 
more  highly  heated. 

As  to  the  appearance  of  copper  lines  in  the  furnace.  I  must  again 
refer  to  my  observations  with  the  tube  heated  by  an  external  arc. 
To  obtain  further  data  on  the  question  raised  by  Dr.  Hemsalech 
I  have  used  copper  and  silver  in  the  tube-resistance  furnace  and 
have  photographed  some  of  the  stronger  lines  of  each  element, 
both  in  vacuum  and  at  atmospheric  pressure.  The  temperatures 
ranged  from  2000°  to  2150°  and  the  spectrum  was  examined  from 
X  3600  to  X  5800.  With  silver.  XX  3682,  4055,  5209.  5466  appeared 
distinctly  and  with  copper,  not  only  XX  5106,  5700,  5782,  observed 
previously  with  the  external-arc  furnace,  but  also  X  5153  and 
X  5218  were  now  photographed.  Some  strong  arc  lines  in  this 
region  failed  to  appear  in  the  furnace  at  the  moderate  temperature 
used,  but  these  are  mainly  of  diffuse  structure,  a  t}-pe  which  in 
general  requires  higher  temperature.  The  period  of  strong  emis- 
sion is  brief,  the  line  X  5106  of  copper  narrowing  during  a  ten- 
minute  exposure  from  a  width  of  over  an  angstrom  to  a  sharp 
maximum.  This  is  readily  explained  by  the  behavior  of  the  copper 
and  silver,  which,  instead  of  sticking  to  the  carbon  and  remaining 
in  the  hot  portion,  condense  near  the  cool  ends  of  the  tube.  This 
could  be  avoided  by  a  spraying  apparatus,  giving  a  continuous 
supply.  Zinc  was  not  tried  with  this  furnace,  but  in  previous 
experiments  I  have  found  it  to  give  the  same  trouble,  forming 
filmy  slag  across  the  opening  of  the  tube. 

Summarizing  these  e.xperiments,  it  is  seen  that  for  the  high- 
temperature  lines  of  iron,  for  ihc  production  of  the  iron  spectrum 
without  a  potential  gradient,  and  for  the  spectra  of  copper  and 
silver  in  the  tube  furnace,  some  feature  of  Dr.  Hemsalech's  experi- 
ments has  prevented  the  observation  of  spectrum  lines  which  can 
nevertheless  be  produced  under  conditions  which  I  believe  invali- 
date the  conclusions  which  he  draws  from  his  results.  I  make  no 
plea  for  the  existence  of  a  purely  thermal  radiation,  which  I  have 
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long  maintained  is  not  to  be  proved  by  means  of  the  tube  furnace ; 
still  a  clear  disproof  of  the  possibility  of  producing  spectra  by  this 
means  is  yet  to  be  presented.  Dr.  Hemsalech's  work  has  done 
much  to  show  the  importance  of  possible  chemical  actions,  and  I 
believe  this  feature  of  the  furnace  radiation  deserves  to  be  taken 
into  account  at  every  point.  But  whatever  processes  of  this 
nature  may  take  place  within  the  tube  in  any  given  experiment, 
they  are  controlled  by  the  temperature,  and  according  to  present 
evidence  it  appears  legitimate  to  employ  the  electric  current  to 
produce  this  temperature. 

Mount  Wilson  Solar  Observatory 
November  19,  1918 


THE  INFRA-RED  ARC  SPECTRA  OF  COBALT,  NICKEL, 

MANGANESE,  AND  CHROMIUM 

By  H.  M.  RANDALL  and  E.  F.  BARKER 

Measurements  in  the  infra-red  region  of  the  spectrum  have 
yielded  such  fruitful  results  in  developing  the  series  relations  of 
numerous  elements  that  the  major  part  of  the  work  in  this  field 
has  been  done  for  this  express  purpose.  There  remain,  however, 
the  same  general  reasons  for  mapping  out  the  spectra  of  all  elements 
beyond  the  photographic  region  on  the  side  of  long  wave-lengths 
as  exist  for  the  numerous  investigations  within  that  region.  As  it 
seemed  probable  that  the  technique  developed  during  the  measure- 
ment of  the  infra-red  spectrum  of  iron^  would  serve  equally  well 
for  the  allied  metals,  cobalt,  nickel,  manganese,  and  chromium,  it 
was  decided  to  continue  the  work  with  these  elements.  The  experi- 
mental arrangement  remained  the  same,  as  did  also  the  experi- 
mental methods.  With  the  exception  of  manganese,  which 
volatilized  readily  and  gave  a  comparatively  steady  arc  which 
yielded  the  strongest  lines  of  any  of  the  metals  of  this  group,  the 
metals  were  very  similar  to  iron  in  their  action  in  the  arc.  Nickel 
and  cobalt  produced  possibly  an  even  more  uncertain  arc  than  iron. 
While  it  would  not  be  easy  to  say  wherein  the  differences  lay,  it 
was  nevertheless  the  experience  of  both  observers  that  a  certain 
amount  of  facility  in  using  each  substance  in  the  arc  was  necessary 
before  an  arc  of  an  intensity  and  steadiness  sufficient  for  observation 
would  result. 

The  materials  used  were  the  ordinary  c.  p.  metals  of  commerce. 
This  degree  of  purity  seems  at  present  sufficient,  as  no  lines  due  to 
any  of  the  impurities  likely  to  be  found  in  the  samples  used  were 
actually  found.  In  fact  a  large  majority  of  the  lines  appeared 
sufficiently  intense  for  measurement  only  when  a  fairly  large 
quantity  of  material  was  in  the  arc  and  there  was  obviously  exces- 
sive volatilization,  the  arc  burning  very  noisily.  The  currents  em- 
ployed were  again  large,  being  in  general  between  60  and  80  amperes. 

'  Randall  and  Barker,  "Infra-Red  Arc  Spectrum  of  Iron,"  Astrophysical  Journal, 
49,42,  1919. 
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The  spectrum  of  each  material  was  in  general  twace  searched, 
once  with  narrow  slits  corresponding  to  a  spectral  region  before 
the  thermopile  of  from  6  A  at  i  ju  to  3 . 6  A  at  3  ju,  and  once  with 
double  sHt-widths.  With  cobalt  the  region  covered  extended 
from  0.9 /i  to  2  jx\  with  nickel  from  0.9 /x  to  3  ju;  the  region 
between  2  fx  and  3  ix,  however,  was  gone  over  but  once.  With 
manganese  the  region  from  o .  9  ^t  to  2  /x  was  covered  twdce  and  from 
2  ^i  to  3  /x  once;  with  chromium  from  o .9  ju  to  3  /x  twice. 

NICKEL 


Wave-Lengths 
Rowland  Scale 


Maximum 
Variation 
from  Mean 


Intensity 


Number  of 
Determinations 


Remarks 


8967.5- 
9522.1. 

IOI95.I. 

10301.4. 

10330.0. 

10378. I. 

10980.4. 

I I 198. I . 

13553 -y- 
13722.6. 
13829.6. 
13969.0. 
14102.1. 
14874.7. 
16313.0. 
16363.0. 
16409.4. 

16495 -5 • 
16868.5. 
16999.6. 
17986.8. 
18040.6. 


0.0 
0.0 

1-5 
0.0 
0.7 
1 .0 

0-3 
0.0 
2.0 
0.2 
0-5 
i-S 
0.2 

0-3 
0-5 
i.o 
0.2 


0.7 
1-4 
0.5 
0.8 


100 
40 
50 
25 
25 
40 

50 
35 
30 
20 

50 
30 
20 
20 
30 
15 
100 

50 


15 
60 


Meggers  and  Kiess  9520.3 


Possible  error  =*=3  A° 


Shaded  to  Violet 


Very  doubtful;  could  not 
be  verified 


a  Meggers  and  Kiess  8967 .3  mean  of  two  near  lines  on  Rowland  Scale.  A  number  of  lines  shorter 
than  8967 .  s  show  a  mean  difference  of  +0. 6A  from  Meggers  and  Kiess  values,  maximum  difference  being 
1.2  A. 

b  Doubtful;  subsequent  search  showed  more  indications  of  a  line.  Line  of  equal  value  found 
once  in  Fe. 

In  a  number  of  cases  the  values  obtained  agree  within  the 
limits  of  experimental  error  with  previously  measured  lines  of 
other  elements.  In  each  case,  however,  the  strongest  lines  in  the 
spectra  of  these  other  elements  have  not  appeared,  so  that  the  lines 
in  question  have  been  considered  new  lines  properly  belonging  to 
the  substance   under   examination.      In  the  case  of  manganese 
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measurements  on  a  number  of  the  lines  of  greatest  intensity  were 
made  by  our  colleague.  Dr.  Sleator,  the  results  being  practically 
identical  with  our  individual  determinations. 


COBALT 


«r„„^  T  ^^^\,c:           Maximum 

Wav^-Lengths            Xariation               Intensity 

Rowland  Scale          from  Mean 

Number  of 
Determinations 

Remarks 

9096 

9357 

9545 

9598 

9661 

10046 

10128 

10170 

10359 

10689 

1 1633 
1 1894 
14062 

14559 
14610 
14680 
14958 
15209 
16132 
16256 
16387 
16447 

16573 
17004 
17080 

18175 
18273 
19778 

5 

2 

8 

4 

2 

1 .2 
0.4 
0.9 
1-4 

10 

40 

100 

30 
20 

30 
15 
20 

15 
40 
20 
10 
40 
15 
35 
20 

30 
15 
50 
50 
30 
20 
30 
50 
30 
30 
20 

30 

2 
2 

3 

I 

3 

2 

3 
3 
2 
2 
2 

M.  and  K.  9095  .8 
M.  and  K.  9357.4 
M.  and  K.  9544. 9 
M.  and  K.  9598.3 
Found  but  once,  doubtful 

6 3-3 

7 01 

7 1-9 

1 1           3-9 

7 1           0.2 

5 1           0-3 

5 0-5 

0                .                         17 

Possible  error  =^  5  A° 
Possible  error  =±=5  A° 

0 

9 

9 

0 

6 

6 

9 

5 

2 

8 

9 

4 

5 

8 

7 

0.6 
0.0 
0.6 
r  .0 
1 .2 

03 
2.1 

1-5 
1.4 
0.2 

0.3 
2.6 
0.8 
0.4 
0.0 

2 

2 

3 
2 
2 
3 

3 
3 

2 
2 
2 

3 
2 
2 
2 

Possible  error  =•=  3  A° 
Possible  error  =*=  5  A° 

In  the  case  of  chromium  there  are  between  o .  9  /i  and  i .  3  m 
twenty-five  measurable  lines,  while  in  the  corresponding  region  of 
manganese  there  are  but  six  lines,  the  region  between  o.qju  and 
1  n  being  entirely  free,  a  very  remarkable  fact  in  view  of  the  rich- 
ness of  this  region  for  nearly  all  materials  so  far  examined.  In 
manganese  in  the  interval  from  1.3  m  to  1.7^1  are  found  fifteen 
lines,  the  majority  of  its  entire  number,  while  the  corresponding 
region  for  chromium  is  quite  empty,  there  being  but  two  or  three 
lines.  From  i  7m  onward  chromium  has  sixteen  lines,  while 
manganese  has  shown  no  lines  of  measurable  intensity.  This  alter- 
nate arrangement  of  the  spectra  of  these  nearly  related  elements 
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is  rather  striking,  though  probably  without  special  significance. 
It  is  noticeable  that  there  is  in  chromium,  as  in  the  case  of  iron, 
a  group  of  lines  found  in  the  region  of  2  . 5  ju  upon  which  but  a  single 
measurement  has  been  made.  These  measurements  were  in  every 
way  normal  and  all  the  lines  showed  complete  absorption  by  a 

MANGANESE 


Wave-Lengths 
Rowland  Scale 

Maximum 
Variation 
from  Mean 

Intensity 

Number  of                              Remarks 
Determinations  1                      Kemarks 

1 

8672 
8703 
8739 
I1378 
I1614 
11782 
12307 

12900 
12976 
13294 
13318 
13416 
13500 
13626 
13685 
13864 

13997 
14970 
15218 
15263 
15965 
17336 
17608 

9 

4 

4 

8 

0 

I  .  I 
0.6 

0.4 
0.0 
2.0 
2.7 

80 
100 

80 

15 
40 
60 

3 

2 
2 
2 
5 

4^ 

Possible  error  ±3  .\  ? 
Very  doubtful;  not  found  a 
second  time 

Possible  error  =t  3  A 

3 

5 

7 

5 

5 

7 

3 

2 

4 

6 

5 

6 

8 

6 

0 

3 

1-4 
0.9 
I.I 
0.6 
0.5 

1-3 
1.8 
0.2 
1.6 
1.6 
3-8 

o-S 
0.8 

1-5 
0.6 

I.O 

80 

40 

50 

30 

80 

100 

200 

80 

100 

120 

30 

80 

200 

200 

80 

20 

4 
5 
3 
5 

2 

3 
6 

2 

5 
5 
4 
3 
3 
3 

2 

3 

a  Value  possibly  influenced  by  11771 . 7  K,  carbon  impurity. 


water  screen  i  cm  thick.  We  have  therefore  considerable  con- 
fidence in  their  reality  but  can  give  them  here  only  provisionally,  as 
we  have  been  unable  to  find  them  a  second  time.  It  might  be 
noticed  that  this  group,  as  well  as  the  one  in  iron  whose  members 
could  not  be  measured  at  will,  lies  in  the  absorption  band  of  water 
vapor  at  2  . 5  ju,  and  that  during  the  summer  months  the  basement- 
room  in  which  the  work  was  carried  on  was  comparatively  damp. 
As  by  our  optical  arrangement  the  radiation  from  the  arc  passes 
through  about  3  m  of  air  it  is  quite  possible  that  considerable  energy 
js  absorbed  by  the  intervening  vapor. 
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In  the  tables  the  mean  of  the  observed  values  appears  in  the 
first  column  measured  in  angstrom  units.     The  values  when  not 


CHROMIUM 


Wave-Lengths 
Rowland  Scale 

Maximum 
Variation 
from  Mean 

Intensity 

Number  of 
Determinations 

Remarks 

8947 -3 

0-3 

160 

2 

Meggers  value  on  Row- 
land scale  8947 . 5 

8977-1 

0.4 

30 

2 

Meggers  value  on  Row- 
land scale  8977.1 

9015-4 

2.8 

300 

6« 

9140.6 

0.7 

20 

2 

9206.3 

2.0 

30 

3 

9290.6 

1.6 

150 

4 

Meggers  value  9290.8 

9447-9 

0.6 

150 

3 

9574-6 

1.2 

150 

3 

9670.9 

I.I 

50 

4 

9732-2 

1-5 

120 

5 

9948.4 

I.I 

20 

4 

10082.0 

0.9 

20 

2 

10486.3 

1-3 

35 

2 

10673.4 

'0.6 

30 

2 

10819.9 

0.8 

40 

2 

iogo6.2 

1-3 

60 

4 

11016.0 

2.9 

80 

5 

Possible  error  ±4  A 

11157-6 

1-4 

90 

6 

11311-9 

0.7 

20 

2 

11337-I 

0.6 

40 

2 

"392-3 

2.6 

50 

5 

Possible  error  ±3  A 

11483-3 

I.O 

40 

2 

11611.4 

0.8 

100 

5 

13462. 1 

20 

I 

15680.0 

3-7 

30 

4 

Possible  error  =*=3  A 

15860.5 

0.6 

30 

3 

18479 -I 

4-1 

30 

3 

Possible  error  5  A 

18583-5 

1.6 

30 

4 

18654.2 

1. 1 

30 

2 

18717.0 

0-5 

20 

2 

25459-6* 

15 

2';48o  .7 

10 

2s';6o.4 

10 

2!:i:8^.6 

20 

2^66? .4   ' 

10 

25708.8 

10 

25784.6 

5 
10 

2n8iq .6 

2!;84o  .7 

20 

2^002 .2 ' 

10 

26232 .0 1 

20 

a  Broad  line.     Possible  error  4  A.     Meggers  value  Q016. 5  (Mean). 
*  The  following  lines  are  to  be  considered  doubtful  until  verified. 


otherwise  stated  are  supposed  to  be  accurate  within  one  or  two 
angstrom  units.     The  intensities  arc  determined  by  a  very  rough 
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mean  of  the  galvanometer  deflections  during  measurement.  They 
have  some  significance  as  rating  the  intensities  of  the  lines  of  any 
one  element,  but  have  very  little  as  a  means  of  comparison  of 
intensities  between  lines  of  various  elements. 

A  number  of  the  lines  in  the  tables  are  multiples  of  strong  lines 
of  short  wave-length.  It  is  thought,  however,  that  in  each  case  it 
has  been  established  that  the  higher-order  line  of  short  wave-length 
is  superposed  by  a  line  of  long  wave-length  of  the  first  order.  In 
some  cases,  where  it  has  not  been  possible  to  screen  out  the  line  of 
higher  order,  it  is  quite  probable  that  its  presence  has  somewhat 
affected  the  value  ascribed  to  the  line  under  observation. 

As  an  infra-red  region  up  to  i  ^t  was  regarded  as  properly  within 
the  field  of  photographic  methods,  only  a  superficial  examination  of 
this  region  was  made  in  this  work.  This  largely  accounts  for  the 
fact  that  we  have  not  measured  all  the  strong  lines  which  the  recent 
work  of  IMeggers  and  Kiess  shows  to  be  here.  Such  lines  as  we 
have  measured,  as  the  comparisons  in  the  tables  show,  have  a 
somewhat  higher  accuracy  than  we  have  claimed  for  them,  taking 
the  photographic  values  as  standards.  The  mean  departure  of 
all  our  measured  lines  below  i  fx,  19  in  number,  including  quite 
a  number  of  lines  shorter  than  o.g  fi  not  contained  in  the  tables, 
is  0.6  A,  while  the  maximum  variation  is  i  .9  A.  The  superiority 
of  the  photographic  method  in  registering  faint  lines  is  made  very 
e\adent  by  these  investigations,  and  it  may  be  safely  concluded  that, 
except  possibly  in  special  cases,  the  infra-red  spectrum  up  to  i  ju  is 
properly  a  photographic  region. 

Surprisingly  enough,  the  same  cannot  yet  be  said  of  the  region 
immediately  beyond  i  )u,  in  which  photographic  observations  have 
been  taken  with  apparently  as  great  success,  in  the  case  of  Ni  to 
10,843  A.  Co  to  11,623  -^^  and  Fe  to  10,689  A.  A  comparison  of  the 
results  obtained  photographically  and  radiometrically  shows  no 
cases  which  are  unquestionably  in  agreement,  though  there  are  in 
the  foregoing  regions  twelve  radiometrically  determined  lines  and 
many  more  photographic  lines. 

Confidence  in  radiometric  measurements  in  this  region  is  based 
upon  the  following  general  considerations:  The  radiometric 
methods  here  employed,  as  well  as  that  earher  used  by  Lewis,^ 

^  Astro  physical  Journal,  2,  i,  106,  1895. 
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which  is  similar,  have  given  values  between  o .  7  /z  and  i  n,  which 
have  been  substantiated  by  subsequent  photographic  results.  The 
results  under  comparison  are  in  fact  an  instance  of  such  a  confirma- 
tion. The  same  lines  beyond  i  ix  have  been  measured  by  different 
observers  using  different  gratings  and  making  determinations  in 
higher  orders  for  the  strong  lines  with  closely  agreeing  results,  and 
finally  with  those  substances  for  which  there  are  series  relations 
there  have  been  numerous  instances  in  which  the  radiometric 
values  beyond  i  n  have  so  perfectly  met  the  requirements  that  the 
confidence  in  their  accuracy  has  become  very  great. 

Since  the  particular  lines  in  question  have  been  measured  under 
usual  conditions  of  observation  and  have  shown  no  peculiarities 
during  observations,  but  have,  on  the  other  hand,  been  quite 
normal  in  all  respects,  there  appears  to  be  no  reason  for  question- 
ing their  accuracy.  In  this  work  also  we  wish  to  express  our 
indebtedness  to  the  American  Academy  of  Arts  and  Sciences 
for  a  grant  from  the  Rumford  fund  which  enabled  us  to  obtain 
the  services  of  an  assistant. 

Physical  Laboratory 
University  of  Michigan 


Minor  Contributions  and  Notes 


A  STAR  WITH  DISAPPEARING  BRIGHT  LINES 

In  the  Journal  of  the  Royal  Astronomical  Society  of  Canada  for 
November  1918  (12,  462),  Director  J.  S.  Plaskett,  of  the  Dominion 
Astrophysical  Observatory  at  Victoria,  shows  from  measures  of 
four  spectrograms  that  the  radial  velocity  is  variable  of  the  star 
Boss  5918,  which  is  B.D.  +47°3985  (0  =  221^53",  5  =+48°  9', 
mag.  =  5.20,  spectrum  =  63).  An  examination  of  our  plates  and 
measures  of  this  star  brings  out  a  further  point  of  interest,  which 
is  worthy  of  mention,  namely,  that  the  spectrum  now  does  not  show 
bright  hydrogen  lines  (or  bright  fringes  beside  the  dark  lines), 
although  they  were  conspicuous  in  191 3. 

Our  available  plates  are  as  follows: 


No. 

Date 

G.M.T. 

Quality 

Taken  By 

I   3446 

3457 

3520 

5345 

5363 

1913  July   28  '       i8'>52'»  I  Good 

Aug.    4          17  :i8     ■  Very  good 
Oct.      9          14  31        Ti  weak 

1918  Aug.     5          18  22        Good 
Aug.  30         21  34       Good 

B,  S 
F,  S 

F,  S 
W,  S 
B,  S 

B  =  Barrett;  F  =  Frost;  S  =  Sullivan;  W  =  Miss  Wickham. 

The  first  two  plates  were  measured  in  1913  by  myself  and 
yielded  values  of  —11  and  —15  km  per  sec.  as  the  radial  velocity 
from  the  four  dark  hydrogen  fines,  e,  5,  7,  and  /3.  It  was  noted 
in  the  measures  of  the  first  plate  that  there  were  "bright  fringes 
on  each  side  of  H/5."  On  the  second  plate,  settings  were  made  on 
the  edges  of  the  fringes.  Expressed  in  kilometers  of  velocity,  and 
in  angstroms,  the  widths  were: 

Bright  fringe  toward  \'iolet —  239  to  —  1 1 1  km  =  2  .  06  A 

Dark —  in  to  +   16  km  =2. 05  A 

Bright  fringe  toward  green +   16  to  +178  km=  2  .61  A 

In  other  words  dark  /3  was  of  the  same  width  as  the  more  refran- 
gible bright  fringe  and  somewhat  narrower  than  the  fringe  toward 
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the  green.  If  we  should  consider  the  dark  line  as  superposed  on 
a  bright  band  6.7  A  wide,  it  was  displaced  toward  the  violet  from 
the  center  by  about  0.3  A,  or  about  17  km. 

On  the  third  plate  the  fringes  at  j8  are  strong,  and  at  7  the  one 
on  the  side  toward  green  is  visible.  This  plate  was  not  measured, 
because  the  comparison  lines  were  too  weak  to  yield  a  good  result. 

This  kind  of  appearance  at  HjS  is  not  at  all  unusual  for  A  spectra 
mth  bright  lines,  but  it  is  not  often  that  we  can  estabhsh  a  variation 
in  the  intensity  of  the  emission  hues.  Our  two  plates  taken  in 
August  1918,  however,  do  not  display  a  trace  of  the  bright  emis- 
sion hnes,  and  the  entry  was  made  on  the  observing  card  at  the 
time  by  Professor  Barrett,  after  examining  the  plates:  "Bright 
lines  variable?" 

Mr.  Plaskett  makes  no  mention  of  bright  lines  in  the  notes 
describing  this  spectrum,  and  in  response  to  my  inquiry  he  states 
that  no  bright  fringes  are  visible  upon  a  re-examination  of  the 
Victoria  spectrograms. 

Professor  E.  C.  Pickering's  letter  with  regard  10  the  matter 
reads  as  follows: 

An  examination  of  our  photographs  of  the  spectrum  of  H.R.  8731,  a  22'*8'°, 
S  +48°9',  by  Miss  Cannon,  shows  that  on  a  photograph  taken  with  the  8-inch 
Bache  Telescope  on  November  18,  1887,  and  on  photographs  taken  with  the 
ii-inch  Draper  Telescope  on  November  5,  1904,  October  27,  November  14, 
and  November  19,  1905,  all  the  lines  are  dark.  H/S  is  a  well-marked  dark 
line  with  no  appearance  of  bright  edges.  On  a  photograph  taken  November  3 . 
1913,  with  the  8-inch  Draper  Telescope,  the  line  H/?  is  not  clearly  seen  and 
certainly  is  not  present  as  a  strong  dark  line. 

A  Hst  of  stars  having  bright  hydrogen  hnes  was  published  by 
Mrs.  Fleming  in  Harvard  Annals,  56,  Part  VI,  pp.  181-84.  It 
describes  the  variations  of  the  lines  so  far  as  known  at  the  date 
of  that  pubhcation.  Miss  Cannon's  recent  important  paper  on  the 
same  subject  is  No.  3  of  Vol.  76  of  the  Harvard  Annals. 

Edwin  B.  Frost 
Yerkes  Observatory 
January  3,  19 19 


Reviews 

Science  and  Learning  in  France,  with  a  Survey  of  Opportunities  for 

American  Students  in  French  Universities:    an  Appreciation  by 

American  Scholars.     By  John  H.  Wigmore,  Editor-in-Chief. 

Chicago:  A.  C.  McCIurg  &  Co.,  191 7.     Pp.  454.     Illustrations 

58.     Price,  $1.50,  cloth;   $1.00,  paper, 

''To  the  Scholars  of  France,  worthy  custodians  of  their  country's 
intellectual  greatness,  this  volume,  prepared  in  a  time  when  France 
has  reached  the  heights  of  moral  greatness,  is  offered  with  heartfelt' 
admiration  and  sympathy  in  the  name  of  the  Scholars  of  America." 

There  are  two  introductions:  the  first,  entitled  "The  Mind  of 
France,"  by  former  President  Charles  W.  Ehot,  which  occupies 
three  pages  and  is  adorned  by  a  photograph  of  Rodin's  Le  Penseur; 
the  second,  a  charming  essay  of  a  dozen  pages  entitled  "The  Intel- 
lectual Inspiration  of  Paris,"  written  in  that  city  in  September 
19 1 6  by  George  E.  Hale. 

The  different  branches  of  learning,  from  anthropology  to 
zoology,  are  dealt  with  in  successive  chapters,  each  under  the 
editorial  care  of  a  drafting  committee  of  well-known  American 
teachers.  The  chapters  are  embellished  with  excellent  portraits 
of  distinguished  French  scholars  and  with  views  of  famous  educa- 
tional buildings  of  Paris  and  of  the  interiors  of  some  of  the  labora- 
tories. The  aim  in  each  section  is  to  show  the  splendid  intellectual 
past  in  France  in  that  department  and  to  indicate  the  present 
opportunities  for  American  students  who  may  desire  to  add  a 
residence  in  Europe  to  their  preparation  for  a  specialty.  Of  course 
Paris  receives  the  major  part  of  the  attention,  but  practical  informa- 
tion is  given  in  two  appendices,  of  which  the  first  is  entitled  "Edu- 
cational Advantages  for  American  Students  in  France:  with  a 
History  of  the  Recent  Changes  in  its  University  System,"  by 
Professor  James  Geddes,  Jr.,  of  Boston  University;  the  second 
discusses  "Institutions  of  Higher  Learning,  Their  Organization, 
Degrees,  Requirements,  Fees,  etc.,"  by  Professor  C.  \'ibbert,  of  the 
University  of  Michigan. 
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A  third  brief  appendix  of  twelve  pages  on  practical  suggestions 
to  the  intending  graduate  student  is  also  by  Professor  Vibbert. 

The  book  makes  a  valuable  beginning  in  introducing  the  learning 
of  France  to  the  American  student.  It  would,  doubtless,  be 
improved  in  a  second  edition.  Its  errors  in  the  departmental 
chapters  are  probably  more  those  of  omission  than  of  commission, 
although  the  reviewer  notices  both  in  the  section  on  astronomy. 
The  general  approval  of  Americans  of  the  purpose  of  the  book  is 
evidenced  by  the  list  of  about  looo  "sponsors,"  of  whom  it  is  said, 
"These  American  scholars  have  expressed  a  cordial  desire  to  join 
with  the  authors  in  making  this  book  a  national  homage,  offered 
from  the  Universities  of  America  to  the  Universities  of  France." 

We  bespeak  for  the  book  a  wide  circulation  and  use.  It  should 
be  in  every  college  library. 

F. 
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THEORY  OF  IMPERFECT  GRATINGS 
By  C.  M.  sparrow 

A  complete  bibliography  of  the  theory  of  imperfect  gratings 
would  make  a  long  list  of  papers  by  many  writers.  Of  these  writers, 
four  perhaps  stand  out  from  the  others.  The  classical  researches 
of  Rowland'  and  of  Rayleigh/  employing  what  may  be  called  the 
conventional  methods  of  analysis,  form  the  basis  of  most  of  the 
work  that  has  been  done.  Besides  these,  Cornu^  has  developed  a 
method  of  pecuhar  elegance  for  investigating  the  focal  peculiarities 
of  gratings,  and  Michelson''  a  method  which  is  specially  adapted  to 
the  study  of  periodic  errors  of  spacing.  In  the  present  paper  an 
attempt  is  made  to  present  the  whole  subject  afresh  from  the  stand- 
point of  the  so-called  vector  method.  This  method,  used  so  bril- 
liantly by  Cornu  in  treating  elementary  diffraction  phenomena,  was 
first  apphed  to  the  perfect  grating  by  A.  L.  Kimball.^  It  is  a  method 
of  great  power  for  some  problems,  enabling  us  to  avoid  the  use  of 
much  complicated  analysis,  particularly  in  those  problems  in  which 

'Phil.  Mag.  (s),  35,  397,  1893;  Astronomy  and  Astrophysics,  12,  129,  1893; 
Physical  Papers,  p.  525. 

=  Coll.  Papers,  I,  415;  III,  47. 

iComptes'Rendus,  116,  1215,  1893.        *  Astrophysical  Journal,  18,  2^8,  1903. 

5  Phil.  Mag.  (6),  6,  30,  1903;  see  also  Wood,  Physical  Optics,  p.  203,  for  a  simple 
exposition. 

6S 


66  C.  M.  SPARROW 

qualitative  insight  is  sought  rather  than  a  numerical  solution. 
Where  the  numerical  result  is  desired,  the  graphic  solution  obtained 
from  the  geometric  representation  is  often  the  shortest  road;  in 
other  cases  we  can  pass  at  once  from  the  vector  diagram  to  its 
analytic  equivalent,  the  geometric  intuition  serving  as  a  guide  in 
keeping  the  analysis  in  its  simplest  form. 

The  first  part  of  the  paper  considers  systematically  the  various 
kinds  of  defects  which  are  likely  to  occur  in  practice.  Many  well- 
known  results  will  appear  in  the  new  garb;  many  others,  not  so 
well  known,  are  nevertheless  contained  by  impHcation  in  the 
already  pubhshed  work  of  others,  but  have  hitherto  failed  to 
receive  the  emphasis  which  their  importance  demanded.  In  order 
to  increase  this  emphasis,  curves  showing  the  forms  of  diffraction 
patterns  have  been  included,  and  numerical  data  which  have  been 
obtained  by  ordinary  processes  of  calculation.  The  second  part  of 
the  paper  appUes  some  of  the  results  obtained  in  the  first  part  to 
an  examination  of  the  limitations  of  the  method  of  coincidences  as 
a  means  of  measuring  wave-length.  It  contains,  in  addition,  a 
theory  of  the  defective  Fabry  and  Perot  interferometer  with  conse- 
quences relating  to  this  method  of  measuring  wave-lengths. 

In  the  discussion  that  follows  we  shall  consider  the  grating  to 
have  2.V  grooves,  and  shall  in  general  denote  by  ;z  the  number  of  a 
particular  groove,  counted  from  the  center  of  the  grating,  n  being 
positive  or  negative  according  as  the  groove  is  on  one  side  or  the 
other  of  the  center.  It  will  be  necessary  to  recall  briefly  the  main 
features  of  the  vector  treatment  of  the  perfect  plane  grating.  Let 
As,,  and  <^„  be  the  amplitude  and  phase  (with  respect  to  the  central 
groove)  of  the  disturbance  due  to  the  wth  groove.  If  we  represent 
this  disturbance  by  a  vector  of  length  As,,  and  polar  angle  <^,..  the 
vector  sum  of  all  such  vectors  will  represent  the  amplitude  and 
phase  of  the  resultant  disturbance.  Intensities  are  obtained  by 
squaring  the  amplitudes.  For  the  perfect  grating.  As,,  is  inde- 
pendent of  n,  and 

4>n—4>n-i~A(t)„ 

is  constant.  The  order  in  which  the  vectors  may  be  added  is  com- 
pletely arbitrary,  but  if  wc  add  them  in  the  order  of  increasing  «, 
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the  vector  polygon  obtained  is  equilateral  and  equiangular  arid  is 
therefore  inscriptible  in  a  circular  arc.  Let  us  denote  by  d  the  angle 
of  diffraction,  and  by  do,  6z,  ...  the  angles  corresponding  to  the 
central  image,  first  order  spectrum,  etc.  For  6  =  do,  A0  =  0,  and  the 
vector  polygon  is  a  straight  line  of  length  2iYA5.  As  we  pass  away 
from  this  direction,  A0  increases,  and  the  vector  polygon  curls  up, 
the  length  of  the  broken  hne  remaining  constant,  until,  when 
A6  =  Tr  X,  the  polygon  closes  completely:  this  is  the  direction  of 
the  first  minimum.  As  we  go  still  farther,  the  polygon  laps  over 
itself  on  the  circumscribing  circle,  gi\dng  the  first  subsidiary  maxi- 
mum when  it  has  gone  about  one  and  a  half  times  round,  the  second 
minimum  when  it  has  gone  twice  round,  and  so  on.  (The  well- 
known  formula  for  the  intensity, 

Jo  sin"  .YA<^ 

sin^  A- 
2 

is  obtainable  at  once  from  the  vector  diagram  without  the  use  of 
trigonometric  identities.)  The  brightness  of  the  maxima  steadily 
decreases  until  A0=7r.  From  this  point  on,  an  increasing  A0  is 
equivalent  to  a  negative  phase-dift"erence  of  decreasing  absolute 
value  (i.e.,  A0  is  replaced  by  A</)  — 27r).  The  vector  polygon 
gradually  straightens  out,  going  through  the  pre\'ious  series  of 
changes  in  the  reverse  order,  until  in  the  direction  di  it  becomes 
perfectly  straight  again.  Between  this  and  the  second  order  the 
same  changes  are  repeated,  and  so  on. 

At  the  pih  minimum  on  either  side  of  a  principal  maximum, 

A0  =  />7r/^  '^' 

So  long  as  this  is  small,  the  polygon  will  approach  very  closely  to 
the  circumscribing  circle,  and  can  be  replaced  by  it.  As  .V  is  in 
practice  quite  large  and  the  values  of  p  which  interest  us  are  usually 
small,  we  are  led  to  consider  an  infinite  number  .Y  of  infinitesimal 
vectors  ds,  of  phase-difference  d<f>.  Instead  of  the  vector  polygon  we 
have  a  vector  curve.     But 

ds 

d4^P^ 
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the. radius  of  curvature  of  the  curve.  In  the  case  of  the  perfect 
grating  just  considered  ds  and  d<i>  are  independent  of  n,  so  that  p  is 
a  constant.     In  general  ds  and  d<i)  are  functions  of  n,  so  that 

p=f{n). 

Thus/  is  expressible  as  a  function  of  5  or  <^,  or  both,  giving  us  the 
intrinsic  equation  of  the  vector  curve.  The  form  of/  is  determined 
by  the  nature  of  the  defects  of  the  grating,  and  the  properties  of 
such  gratings  are  completely  expressed  by  the  properties  of  the 
family  of  vector  curves;  just  as  the  properties  of  the  perfect  grat- 
ing are  expressed  by  those  of  a  family  of  circular  arcs  of  constant 
length. 

The  defects  of  gratings  fall  into  two  fundamentally  distinct 
classes  according  as  they  involve  a  variation  of  d<f)  or  ds.  We  shall 
call  them  phase  errors  and  ampUtude  errors,  respectively.  The 
phase  errors  are  practically  the  most  important;  they  have  also 
received  the  fullest  treatment  by  analytic  methods.  The  amplitude 
errors  which  actually  occur  are  usually  such  as  to  produce  only 
minor  defects  in  the  performance  of  the  grating,  but  we  should 
include  under  this  head  certain  "defects"  which  may  be  artificially 
introduced  in  order  to  accompUsh  some  particular  end.  We  will 
begin  with  a  discussion  of  phase  errors,  and  will  thus  assume  that 
ds  is  independent  of  n. 

In  the  direction  6^.  of  a  principal  maximum  of  the  ^'th  order,  the 
phase-difference  between  successive  disturbances  should  be  con- 
stant and  equal  to  2^7r,  provided  the  grating  is  perfect  and  the 
instrument  is  in  adjustment.  That  this  is  not  the  case  is  due  in 
practice  to  one  or  more  of  several  causes:  (i)  the  spacing  of  the 
lines  is  not  uniform;  (2)  the  surface  is  not  accurately  plane;  (3)  the 
telescope  and  collimator  are  not  in  adjustment.'  The  possibiHty 
arises  of  several  of  these  causes  being  present  at  once  and  producing 
errors  which  more  or  less  compensate;  this  is  in  fact  actually  the 
case  with  the  concave  grating.  The  essential  results  of  the  theory 
are  all  included  in  a  treatment  of  errors  due  to  non-uniform  spa- 

'  Crookedness  of  the  lines  is  a  fourth  defect,  which  does  not  readily  lend  itself  to 
treatment  by  the  vector  method.  See  the  papers  of  Raylcigh  referred  to  above  for 
a  discussion  of  the  consequences  of  this  class  of  error. 
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cing."  We  shall  assume,  therefore,  unless  otherwise  stated,  that  the 
surface  of  the  grating  is  perfectly  plane,  and  that  telescope  and 
colhmator  are  in  adjustment,  but  that  the  distance  between  the 
(m  — i)th  and  «th  grooves  is  a  function  of  n,  f{n),  the  nature  of 
which  will  be  further  specified. 

The  defects  of  spacing  of  actual  ruled  gratings  may  be  divided 
into  four  classes:  (i)  Errors  of  "run,"  a  small  progressive  change 
of  spacing  caused  by  variation  of  temperature  during  the  ruling, 
etc.  (2)  A  sudden  "jump''  or  discontinuity  in  the  ruling,  the 
grating  interval  being  constant  except  at  a  single  point.  Michelson 
has  pointed  out  the  possibiUty  of  an  error  of  this  kind ;  the  actual 
frequency  of  its  occurrence  is  a  matter  of  speculation.  (3)  A  peri- 
odic variation  in  the  spacing,  usually  of  the  pitch  of  the  screw,  pro- 
ducing "ghosts."  (4)  Accidental  variations  of  spacing,  inherent  in 
the  imperfections  of  the  ruling  engine. 

Each  of  these  kinds  of  error,  except  the  last,  has  its  appropriate 
form  of  f{n) .  Instead  of  f(n)  it  will  be  convenient  to  represent  the 
grating  interval  by  a-\-f{n),  where  a  is  the  interval  at  the  center. 
The  phase-difference  between  successive  disturbances  is  then 

27r  sin  d  r         ,  ., 
^^ [a+Ii.n)\. 

From  this  we  must  subtract  ikir  for  the  spectrum  of  the  ^th  order, 
in  order  to  get  d(l>.  We  are  concerned  only  with  the  phenomena 
near  a  principal  maximum.     We  may  therefore  put 

2xa  sin  0 

r 2kTr  =  d(po, 

A 

where  d4>o  is  thus  the  excess  of  phase-difference  over  ikir  for  two 
grooves  at  the  center  of  the  grating.     Thus 

J  A     j^    I  27r  sin  d  .  . 
d(l)  =  d(f)o-\ ^^^^ — f{n). 


But  we  have  also 

2x0  sin  dk 


=  2^7r, 


'  Conversely,  any  distribution  of  the  grooves  has  its  parallel  in  the  aberrations 
of  an  optical  instrument,  the  treatment  given  here  being  equally  applicable. 
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and  since  we  are  only  concerned  with  values  of  6  near  d,,,  and  the 
variation  of  spacing  is  also  small,  we  may  replace  6  by  6,,  giving 

The  length  ds  of  the  elementary  vectors  being  constant,  «  is  pro- 
portional to  s,  the  length  of  arc  of  the  vector  curve,  measured  from 
the  center  (say  n  =  Qs).     Hence  dividing  by  ds,  we  have  finally 

c  =  Co+kF(s)  (i) 

Fis)^Af{Qs) 

where  c  is  the  curvature  of  the  vector  curve  at  the  point  s  and  Co 
the  curvature  at  the  center  of  the  curve.  Co  is  that  parameter  of 
the  family  of  curves  which  varies  with  6,  the  diffraction  angle.  The 
effect  of  the  error  is  thus  to  superpose  upon  the  curvature  Co  a  curva- 
ture which  varies  from  point  to  point  of  the  curve,  but  which  is 
independent  of  Co  and  hence  of  6.  The  fact  that  errors  of  spacing 
produce  no  effect  on  the  form  of  the  central  image  is  an  immediate 
corollary  of  this. 

Certain  general  properties  of  these  curves  may  now  be  noted. 
A  given  length  of  arc  of  the  curve  corresponds  to  a  definite  portion 
of  the  ruled  surface.  The  value  of  Co  determines  the  point  of  the 
diffraction  pattern,  being  proportional  to  the  phase  of  this  point. 
Draw  the  osculating  circle  (curvature  Co)  at  the  center  of  the  vector 
curve,  and  take  an  arc  2So  equal  in  length  to  the  vector  curve.  This 
circular  arc  is  the  vector  curve  for  a  perfect  grating  of  spacing  a; 
it  corresponds  to  the  same  diffraction  angle  6  as  the  actual  vector 
curve.  Now  the  angle  between  the  tangents  at  the  ends  of  this 
arc  is  2CoSo;  this  then  is  the  extreme  variation  in  phase  between  the 
end  grooves  of  the  grating  of  spacing  a.  If  we  choose  s„  equal  to 
unity  we  see  that  Co  is  half  the  phase  of  the  corresponding  point  of 
the  diffraction  pattern,  the  zero  of  phase  being  taken  as  that  corre- 
sponding to  the  direction  of  the  principal  maximum  of  an  ideal  grating 
of  spacing  a.  While  this  direction  furnishes  a  convenient  zero  it 
is  not  the  proper  standard.  We  should  rather  take  as  our  zero  the 
phase  corresponding  to  the  direction  of  a  principal  maximum  of  an 
ideal  grating  with  the  same  mean  spacing  as  the  actual  grating.     A 
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perfect  grating  with  the  same  mean  spacing  would  have  the  same 
total  distance  between  the  first  and  last  grooves  as  the  actual 
grating.  In  the  direction  of  a  principal  maximum  the  phase  of 
these  two  grooves  is  the  same,  hence  in  the  actual  grating  the 
vector  curve  which  corresponds  to  the  proper  zero  of  phase  has 
parallel  tangents  at  its  two  ends.  It  has  seemed  necessary  to  go 
into  this  point  in  some  detail,  because  it  has  proved  a  source  of 
confusion  in  the  work  of  some  other  investigators.  It  is  charac- 
teristic of  the  vector  method  that  it  fixes  attention  on  the  law  of 
spacing,  by  means  of  the  variation  of  curvature,  rather  than  on  the 
total  "aberration,"  which  is  indicated  by  the  variation  of  the  slope 
of  the  curve  to  the  polar  axis. 

Errors  of  run. — As  we  may  assume  these  to  be  small,  we  may  write 

c  =  Co-]-l3s-\-ys^-{-8s^-{-  ...  (2) 

We  shall  speak  of  the  successive  terms  as  representing  linear, 
quadratic,  etc.,  errors,  these  corresponding  to  the  aberrations  of 
the  second,  third,  etc.,  degree  of  ordinary  optics.  There  is  a  funda- 
mental difierence  between  the  terms  of  odd  degree  and  those  of 
even  degree.  For  the  errors  of  odd  degree,  the  middle  of  the  vector 
curve  Co  =  o  is  a  center  of  symmetry,  the  curvatures  on  each  side 
of  this  point  being  equal  and  opposite.  The  tangents  at  the  two 
ends  of  this  curve  being  parallel,  the  mean  spacing  is  the  same  as 
the  spacing  at  the  center.  If  we  superpose  now  a  uniform  curva- 
ture To,  the  shape  of  the  curve  will  be  independent  of  the  sign  of  Co; 
the  diftxaction  pattern  is  therefore  s}Tnmetrical  with  respect  to  the 
true  direction  of  the  principal  maximum.  Thus  for  errors  of  odd 
degree,  the  spectral  images  are  symmetrical  and  in  their  true  position. 
As  we  pass  away  from  the  center  of  the  pattern,  the  point  of 
inflexion  of  the  curve  moves  toward  one  end ;  the  curvature  of  one 
half  is  thus  always  greater  than  that  of  the  other  half,  and  the 
curve  will  not  close  completely.  The  minima  of  intensity  ^^^ll  thus 
not  be  "clean ''  but  will  always  have  some  illumination.  For  small 
errors,  the  amphtude  of  this  "error  of  closure"  of  the  vector  curve 
will  be  proportional  to  the  error,  and  hence  to  the  order  of  the 
spectrum.  The  intensity  of  illumination  at  the  minimum  will 
thus  be  proportional  to  the  square  of  the  order. 
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The  simplest  case  of  an  error  of  odd  degree  is  represented  by 


The  vector  curves  are  Cornu  spirals^  as  may  be  seen  by  putting 


/       Co 

s  =  s — ^ . 


This   furnishes  a  simple  proof  of  the  well-known  fact   that   an 
error  of  this  t\-pe  simply  changes  the  focus  of  the  grating.     Just 


Fig.  I 

as  the  form  of  the  spectral  images  of  a  perfect  grating  in  exact 
focus  is  identical,  for  large  .V,  with  that  of  an  aperture  of  the  width 
of  the  ruled  surface,  so  the  diffraction  pattern  of  such  a  grating 
out  of  focus  can  be  found  in  the  usual  way  by  the  Cornu  spiral. 
From  the  linearity  of  the  curvature  formula  (2)  it  follows  that  small 
errors  may  be  considered  as  producing  their  effects  independently, 
their  curvatures  being  simply  superposed.  Therefore  by  a  suitable 
change  of  focus  the  effect  of  a  linear  error  may  be  removed,  the 
curvature  of  the  vector  curve  becoming  uniform,  and  the  diffrac- 
tion pattern  that  of  a  perfect  grating. 

A  few  curves  are  given  (Tig.  i )  showing  the  form  of  these  diffrac- 
tion images.  It  will  be  noted  that  they  embody  the  general  features 
of  the  effect  of  the  errors  of  odd  degree  mentioned  above.     They 
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may  be  interpreted  either  as  due  to  a  linear  error  of  spacing  or  as 
the  extra-focal  images  of  a  perfect  grating.     The  quantity  //  denotes 
the  maximum  displacement  of  a  groove  from  its  true  position. 
Cubic  error. — The  next  case  in  order  of  simplicity  is  where 


or 


<i>  =  CoS+\bs'^. 


The  general  form  of  the  vector  curve  resembles  the  Cornu  spiral, 
but  the  convolutions  converge  more  rapidly  to  the  limit  points. 
We  cannot  obtain  all  our  intensi- 
ties from  a  single  curve,  as  with 
the  Cornu  spiral,  but  must  use 
the   entire    family   of    curves    of 
which  Co  is  the  variable  parame- 
ter.    The   length  of   spiral  used 
depends  on  the  magnitude  of  the 
error.     A  few  of  the  spirals  are 
shown    in    Fig.    2    (solid    lines). 
They  are  so  drawn  that  for  Co  =  o 
the  spiral  turns  through  one  right 
angle  in  the  length  10  (marked  by  smaU  circles).     The  diffraction 
pattern  corresponding  to  this  error  is  shown  in  the  solid  curve  {a) 


Fig. 


Fig.  3 

of  Fig.  3.  If  this  curve  is  compared  with  {a)  of  Fig.  i,  which 
corresponds  to  the  same  value  of  h,  it  will  be  seen  that  the  dis- 
tortion of  the  spectral  image  is  less  for  the  cubic  error.     This  is  to 
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be  expected,  as  the  central  portions  of  the  spirals  of  Fig.  2  are 
straighter  than  those  of  the  Cornu  spiral.  The  length  12  of  the 
spirals,  indicated  by  crosses,  corresponds  to 

h  =  i'  2^'  a/ 4.  =  0.51 84a. 

The  corresponding  diffraction  pattern  is  shown  in  the  soUd  curve  (b) 
of  Fig.  3.  The  curve  (c)  of  Fig.  i  corresponds  to  a  somewhat  smaller 
value  of  //,  but  the  distortion  is  greater.  The  whole  length  of  spiral 
corresponds  to 

//  =  I  •  4-'  •  a/4  =  o .  9604a ; 

the  diffraction  pattern  is  shown  in  (c)  Fig.  3.  This  error  amounts 
to  a  maximum  shift  of  groove  of  practically  a  whole  grating  interval, 
but  there  is  still  some  definition  left.  A  linear  error  of  the  same  size 
destroys  it  almost  completely. 

The  question  now  arises:  How  far  can  the  effect  of  this  cubic 
error  be  eliminated  by  focusing  ?  The  effect  of  focusing  is  to  super- 
pose a  linear  error  of  opposite  sign,  so  that  the  vector  spiral  is 
given  by 

In  order  to  determine  the  proper  value  of  jS  we  can  visualize  the 
effect  of  focusing  as  follows:  in  the  right-hand  half  of  the  curve 
the  cubic  error  shifts  all  grooves  to  the  right,  the  Hnear  error  shifts 
them  to  the  left,  so  that  near  the  center  a  groove  is  to  the  left  of 
its  true  position,  while  farther  out  it  is  still  shifted  to  the  right.  A 
very  close  approximation  to  the  best  focus  will  be  when  the  grefatest 
shifts  to  the  right  and  left  are  equal,  for  then  the  absolute  value  of 
the  shifts  will  be  a  minimum.     The  phase  is  a  maximum  when 

c  =  o,  or  s^=    .     Substituting  this  value  of  5  in  (^,  we  have 


<P  max  —       iXf 


At  the  end  of  the  curve 


equating  this  to  — </>max,  we  get  a  quadratic  from  which  we  derive 
/3  =  5(|    2  — i).v,  =0 .4145.V:; 
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and  for  this  value 

3-2I'  2  .  5^^ 

?>max= 65^  =  0.172 . 

4  4 

Taking  this  value  therefore  is  equivalent  to  reducing  the  greatest 
displacement  of  a  groove  to  o.  172  of  its  former  value.  The  dotted 
curves  in  Fig.  2  show  the  corresponding  modifications  of  the  vector 
spirals  for  Co  =  o  (only  half  of  each  spiral  is  shown).  The  corre- 
sponding diffraction  patterns  are  shown  in  the  dotted  curves  in 
Fig.  3.  The  compensation  in  (a)  is  almost  perfect,  the  maximum 
intensity  being  0.984;  in  {h)  it  is  still  good,  the  maximum  being 
o. 933 ;  while  in  (c)  it  is  o.  796,  or  somewhat  better  than  for  {a)  with- 
out focusing.  We  thus  see  that  even  when  the  groove  shift  is  as 
much  as  a  whole  interval,  the  grating  will  behave  tolerably  well 
when  focused. 

Odd  errors  of  higher  degree. — From  the  foregoing  it  is  easy  to  see 
how  we  should  expect  the  terms  of  the  5th,  7th,  .  .  .  degree  to  affect 
the  definition.  For  the  same  value  of  the  maximum  shift  //,  the 
effect  will  diminish  as  the  degree  increases;  on  the  other  hand,  the 
compensation  by  focusing  is  less  perfect.  We  can  form  some  esti- 
mate of  the  extent  of  this  compensation  in  a  manner  similar  to  that 
used  above  for  the  cubic  error.  We  thus  find  that  for  an  error  of 
the  fifth  and  seventh  degree,  h  can  be  reduced  respectively  to  0.25 
and  o.  297  of  its  original  value. 

Errors  of  even  degree. — The  effect  of  errors  which  are  symmetrical 
with  respect  to  the  center  of  the  grating  is  quite  different  from  those 
we  have  just  been  considering.  In  the  first  place,  the  vector  curve 
is  symmetrical  with  respect  to  the  normal  at  its  middle  point;  the 
curve  thus  closes  completely  for  some  value  of  Co,  and  the  minima 
are  in  general  "clean."  (The  only  exceptions  to  this  arise  when, 
for  large  errors,  two  minima  and  a  maximum  coalesce  to  form  a 
single  minimum,  which  may  then  have  some  illumination.)  In  the 
second  place  the  diffraction  pattern  is  unsymmetrical,  because  as 
Co  increases  or  decreases,  the  curve  on  the  one  hand  is  curhng  up, 
and  on  the  other  is  straightening  out.  It  follows  from  this  that  in 
the  third  place  the  maximum  illumination  is  not  at  Co  =  o,  but  at 
some  value  of  Co  opposite  in  sign  to  the  curvature  produced  by  the 
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error.  To  fix  ideas,  let  the  error  be  positive,  that  is,  let  the  grating 
interval  increase  toward  the  ends  of  the  grating.  Then  the  maxi- 
mum occurs  for  some  negative  value  of  Co,  that  is,  nearer  the  central 
image.  It  might  be  inferred  that  the  maxima  are  nearer  the  central 
image  than  their  true  position,  but  this  is  not  the  case,  for  the  mean 
spacing  of  the  lines  is  not  the  same  as  the  spacing  at  the  center. 

The  true  position  of  the  maximum  is 
given,  as  we  have  said,  by  that  vector 
curve  the  tangents  at  whose  ends  are 
parallel.  An  inspection  of  the  curves 
will  readily  show  that  this  curve  corre- 
sponds to  a  larger  negative  value  of  Co 
than  that  for  the  maximum,  so  that  the 
displacement  of  the  maximum  is  really 
away  from  the  central  image  for  a  posi- 
tive error  and  hence  toward  it  for  a 
negative  error. 

The  most  important  error  of  this  class,  and  the  only  one  that 
will  be  considered  in  detail,  is  the  quadratic  error.  The  vector 
spiral  is  given  by 


Fig.  4 


or 


c  =  Co-hys^ 


(j)^CoS+lys^. 


Some  of  these  curves  are  shown  in  Fig.  4. 
this  spiral  corresponds  to 

lysl  =  2Tr. 


The  full  length  15  of 


That  is,  compared  with  a  grating  of  spacing  a,  the  end  grooves  are 
displaced  a  whole  interval.  Compared  with  a  grating  of  the  same 
mean  spacing,  however,  the  end  grooves  are  in  their  true  position, 
and  the  greatest  displacement  of  a  groove  from  its  true  position  is 
shown  by  a  simple  calculation  to  be 

^7^'-    ]  '3=0  385  •  375o, 


or  about  three-eighths  of  the  value  found  by  the  first  process. 
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The  diffraction  patterns  corresponding  to  these  spirals  are  given 
in  Fig.  5.  The  lengths  7.5,  9,  10.5,  12,  13.5,  15  correspond  to  the 
curves  i,  2,  3,  4,  5,  6  respectively;  the  first  five  of  these  lengths 
are  indicated  by  the  small  numbers  in  Fig.  4,  the  full  length  of  the 
spiral  corresponding  to  curve  6.  Similar  curves  are  given  by 
Rayleigh  in  a  discussion  of  the  aberrations  of  optical  instruments, 
but  as  we  have  drawn  \ 

them  here  they  are 
shifted  in  the  opposite 
sense,  owing  to  the 
different  choice  of  the 
zero  of  phase  mentioned 
above.  As  all  of  the 
foregoing  treatment  ap- 
plies equally  well  to  the 
aberrations  of  an  optical 
instrument,  it  is  worth 
while  showing  from  that 
point  of  view  just  how 
this  choice  of  zero 
differs.  A  wave-front 
ABC  possessing  third- 
order  aberrations  has 
different  curvatures  in 
the  two  halves  AB  and  BC  (B  being  the  apex  of  the  wave). 
Rayleigh's  choice  amounts  to  taking  the  normal  to  the  wave-front 
at  B  as  the  axis  of  the  instrument,  whereas  we  would  take  the  line 
from  5  to  a  point  equidistant  from  A ,  B,  and  C. 

The  series  of  curves  in  Fig.  5  show  how  the  quadratic  error 
affects  the  accuracy  of  the  grating  in  the  absolute  measurement  of 
wave-lengths,  and  shows,  if  demonstration  were  necessary,  the 
unreliability  of  the  instrument  for  this  purpose.  The  displacement 
of  the  maximum  is  very  closely  proportional  to  the  error  of  spacing, 
and  amounts  to  about  lys^.  Thus  the  largest  error  considered  here 
would  introduce  errors  of  about  i/R,  where  R  is  the  resolving  power 
of  the  instrument.  The  error  introduced  in  the  method  of  coinci- 
dences comes  from  another  source,  and  is,  as  we  shall  see,  of  a  much 
higher  order  of  small  quantities. 


Fig.  5 
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Just  as  in  an  optical  instrument  the  aberrations  of  the  third  order 
are  those  that  give  most  trouble,  so  in  gratings  it  is  these  errors  of 
even  degree  in  spacing  that  constitute  the  greatest  defect.  If,  there- 
fore, there  were  some  convenient  way  of  introducing  such  errors 
artificially,  we  could  rid  ourselves  completely  of  the  terms  of  the 
second  degree,  and  to  a  considerable  extent  of  those  of  higher 
degree.  Rayleigh  has  suggested  a  slight  rotation  in  azimuth  of  the 
telescope  or  collimator  lens.  This  might  prove  practicable,  but  a 
possible  source  of  trouble  arises  due  to  the  dispersion  of  the  lens, 
making  it  impossible  to  compensate  sirjiultaneously  for  two  coinci- 
dent spectra. 

The  presence  of  the  quadratic  error  may  be  detected  by  examin- 
ing the  two  halves  of  the  grating  separately.  The  two  halves  will 
have  different  foci,  and  also  the  spectra  will  be  less  displaced.  If 
in  the  expression 

we  consider  each  half  separately,  we  have  a  quadratic  error  of  one- 
fourth  the  original  amount,  combined  with  equal  and  opposite 
linear  errors  for  which 

(3-hy. 

If  we  assume  with  Rayleigh  that  the  change  in  focus  is  just  per- 
ceptible when  it  involves  a  change  of  phase  of  a  half-period,  we 
would  just  be  able  to  detect  this  change  for 

an  error  represented  in  our  diagram  approximately  by  curve  4, 
Fig.  5.  The  shift  of  the  maximum  would  be  reduced  to  one-fourth 
its  original  value,  measured  in  terms  of  the  width  of  the  spectral 
image,  but  as  the  new  images  would  be  twice  as  wide,  the  shift  in 
terms  of  angular  measure  would  only  be  cut  in  half.  Taking 
Wadsworth's  figure  for  the  possible  accuracy  of  measurement,  we 
could  just  detect  this  shift  when  the  error  amounts  to  one-sixth  of 
a  grating  interval.  Apparently,  then,  the  observation  of  the  shift 
should  be  more  sensitive  than  that  of  the  change  of  focus.  Taking 
therefore 


lysl  = 


X 
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as  the  smallest  value  we  could  detect,  and  remembering  that  the 
greatest  shift  of  a  groove  from  its  true  position  is  only  three- 
eighths  of  this,  we  see  that  it  should  be  possible  to  detect  a 
quadratic  error  involving  a  maximum  groove-shift  of  o.ia  by 
observations  on  the  spectrum  of  the  first  order. 

Discontinuous  errors. — Michelson  has  called  attention  to  the  pos- 
sibility of  a  sudden  "jump"  in  the  ruling  such  that  the  spacing  on 
each  side  is  uniform,  but  that  one  interval  has  the  value  a-\-qa, 
where  q  may  be  positive  or  negative.  The  possible  cause  of  such 
a  discontinuity  is  given  as  the  release  of  strains  in  the  speculum 
metal  by  the  ruUng.  One  may  be  permitted  some  skepticism  as 
to  the  fact  of  this  kind  of  error  having  actually  occurred.  Speculum 
plates  which  are  figured  and  polished  in  one  operation  do  show  evi- 
dence of  strain  by  a  gradual  change  of  figure  in  the  course  of  a 
year  or  so,  so  that  it  is  necessary  to  season  the  plates  before  they 
are  given  their  final  figure  if  permanence  is  desired.  The  release 
of  strain  is  gradual,  however,  and  it  is  difiicult  to  believe  that  such 
a  change  would  take  place  in  the  ruling  without  a  corresponding 
change  in  the  figure  of  the  surface  which  would  render  the  grating 
unusable.  Other  possible  causes  of  such  a  jump  in  the  ruling  might 
be  adduced,  however,  so  that  it  is  well  to  bear  it  in  mind.  The 
theory  of  this  type  of  error  is  given  by  Michelson,  as  well  as  the 
expression  for  the  intensity  when  the  jump  is  in  the  middle  of 
the  ruhng.  These  results  are  obtained  so  readily  by  the  vector 
method  that  it  is  worth  while  to  give  the  theory  from  this  point 
of  view. 

On  each  side  of  the  break  the  spacing  is  uniform;  the  corre- 
sponding portions  of  the  vector  curve  are  therefore  circular  arcs  of 
the  same  radius.  For  the  spectrum  of  the  ^th  order  the  circular 
arcs  make  the  constant  angle 

with  one  another.  Fig.  6  shows  a  set  of  the  vector  curves  for  the 
case  in  which  the  discontinuity  is  in  the  middle  of  the  ruhng.  For 
all  curves  of  the  family  the  centers  of  the  arcs  lie  on  the  lines  OP, 
OQ  making  an  angle  of  2Trkq  with  one  another.     The  phase  is  the 


8o 
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angle  OPB.     If  ON  is  the  bisector  of  POQ,  the  perpendicular  BE 
on  ON  represents  half  the  amplitude.     We  have 


angle  50iV  =  ^(^-<^-( 


sin 


<i> 


BH  =  OB  cosK0+^)  =  2OP  sin^  cos,  \{(t>^- 6)  =So—r^  cosK</>+^), 

2  *f' 


agreeing  with  Michelson's  result  except  for  a  change  in  notation. 
It   is   easy  to   calculate,  by   simple   trigonometry,    the   resulting 


Fig.  6 


intensity  for  any  number  of  breaks  at  any  points  of  the  ruling  by 
this  method ;  the  use  of  graphic  methods  is  probably  a  simpler  way 
of  obtaining  numerical  results. 

There  arc  two  sets  of  minima.  The  more  important  of  these, 
and  the  only  one  given  by  Michelson,  corresponds  lo  the  zeros  of 
the  factor  cos  \{4>-\-6).    These  occur  when  the  halves  of  the  vector 
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curve  meet  on  the  A'-axis.  The  other  set  is  given  by  the  zeros  of 
sin  -.     These  occur  when  each  half  of  the  vector  curve  closes 

2 

independently.  The  first  minimum  obviously  belongs  to  the  first 
set.  The  values  of  0  corresponding  to  the  maxima  are  given  by 
Michelson  as  approximately  3(0  — 27r«)/4.  These  values,  however, 
are  with  respect  to  the  true  direction  for  a  grating  with  interval  a; 
that  is,  the  zero  of  phase  is  taken  to  correspond  to  the  vector  curve 
consisting  of  the  lines  OU ,  OV.  The  proper  zero  of  phase  corre- 
sponds to  the  dotted  arcs  OL,  OM ,  so  that  the  maxima  are  given  by 
subtracting  B  from  the  above.  The  diffraction  patterns  are  given 
by  Michelson.  They  present  all  the  characteristic  peculiarities  of 
the  errors  of  even  degree,  though  the  error  cannot  be  represented 
by  an  algebraic  expansion,  being  of  infinite  degree.  If  the  break 
occurs  at  some  point  other  than  the  middle  of  the  ruling,  the  error 
is  partly  odd  and  partly  even,  so  that  the  asymmetry  is  diminished. 

Periodic  errors.— T'^ae  theory  of  the  "ghosts"  produced  by 
periodic  errors  in  the  spacing  has  been  so  often  investigated  that 
little  can  be  added  to  the  quantitative  aspects  of  the  theory. 
Michelson's  method  in  particular,  employing  Fourier  expansions  for 
the  law  of  spacing,  is  peculiarly  adapted  to  the  treatment  of  this 
kind  of  error.  The  vector  method,  however,  gives  us  immediate 
insight  into  the  qualitative  aspects  of  the  problem,  enabHng  us  at 
once  to  deduce  all  the  important  properties  of  this  class  of  errors. 

Let  the  2  A"  grooves  of  the  grating  consist  of  a  group  of  m  grooves 
repeated  p  times.  Consider  the  diffraction  pattern  of  a  single 
group.  The  error  of  spacing  of  this  group  may  be  any  kind  what- 
ever, provided  it  is  not  periodic. 

To  fix  ideas,  let  the  error  be  of  even  degree.  We  shall  then  have 
some  such  series  of  vector  curves  as  is  shown  in  Fig.  7.  The  curves, 
the  tangents  at  whose  ends  are  oppositely  directed,  correspond  to 
the  true  direction  of  the  first  minima  for  a  grating  of  the  same  rtiean 
spacing;  the  curves  {a)  and  {b)  correspond  sunilarly  to  the  true 
direction  of  the  second  minima,  and  so  for  minima  of  higher  order. 
It  is  easy  to  see  that  these  curves  cannot  close  completely,  provided 
the  m  grooves  cannot  be  divided  into  two  or  more  smaller  identical 
groups.     If  we  now  take  the  p  groups,  we  have  a  grating  of  the 
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same  mean  spacing,  and  the  vector  curve  for  the  directions  just 
considered  will  consist  of  a  repetition  of  loops  similar  to  the  curve 
for  a  single  group  (see  Fig.  8).  That  is,  the  vector  '"errors  of 
closure"  for  the  single  groups  are  all  in  phase.  But  now  the  prin- 
cipal maxima  are  narrowed  down  to  i/p  of  their  former  width,  and 
these  directions  become  those  of  a  series  of  secondary  maxima. 
The  amplitude  of  the  ghosts  is  thus  proportional  to  the  amplitude 
of  the  error  of  closure  of  the  single  group,  and  we  have  seen  that  this 
is  proportional,  within  the  first  order  of  small  quantities,  to  k,  the 
order  of  the  spectrum.  Hence  the  intensity  of  the  ghosts  is  pro- 
portional to  k\ 


Fig.  7  Fig.  8 

Accidental  errors. — Let  us  now  suppose  that  the  grating  interval 

differs  from  the  mean  bv  a  random  small  quantity  —  ,  the  values 

27r 

of  6  being  distributed  according  to  the  law  of  error.  \\>  can  no 
longer  use  the  continuous  vector  curve,  but  must  return  to  the  vector 
polygon.  In  the  direction  of  the  central  image  the  vector  polygon 
is  a  straight  line,  in  the  direction  of  a  principal  maximum  of  the 
y^th  order  the  polygon  has  become  a  zigzag  line.  Consider  a  direc- 
tion in  which  the  order  of  interference  is  q,  where  q  is  in  general  not 
integral.  The  successive  sides  of  the  vector  polygon  have  now 
inclinations  2Trq-\-q(i,  4Trq-\-q€i,  .  .  .  We  can  resolve  each  elementary 
vector  along  and  at  right  angles  to  its  "true  direction"  (i.e.,  the 
direction  it  would  have  had  if  the  spacing  were  perfect).  The  first 
part  giv^es  us  a  set  of  vectors  of  magnitudes  cos  qei,  cos  qe^,  equally 
inclined  to  one  another.  As  cos  qt  differs  from  unity  by  small  quan- 
tities of  the  second  order,  the  resultant  of  this  group  of  vectors  gives 
us  the  amplitude  and  j)hase  which  we  would  have  had  if  the  spacing 
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had  been  perfect.  The  second  group  gives  a  set  of  vectors  of  mag- 
nitude sin  g€i,  sin  qe,,  .  .  . ,  or  961,  q^z,  .  .  . ,  neglecting  second-order 
quantities,  also  equally  inclined  to  one  another.  If  now  q  is  not 
integral,  the  distribution  of  these  vectors  in  phase  becomes,  on  the 
average,  symmetrical.  The  problem  becomes  that  of  finding  the 
''expectation"  of  amplitude  of  2N  vectors  of  random  phase  with 
amplitudes  distributed  according  to  the  "law  of  error."  The  theory 
of  this  problem  has  been  given  by  Rayleigh,  and  we  thus  find  that 
the  ''expectation"  of  amplitude  is 

V  2Nqeo, 
where 

is  the  measure  of  precision  of  the  ruling.  The  efi'ect  of  the  acciden- 
tal errors  will  thus  be  to  produce  scattered  light  between  the  spectra 
of  intensity  proportional  to  2Nq^el.  The  intensity  of  the  scattered 
light  is  thus  proportional  to  the  mean  square  error  of  position  of  the 
grooves  and  to  the  square  of  the  order  of  the  spectrum.  The  term 
''order  "  should  here  be  taken  to  mean  the  order  of  interference;  thus 
for  a  point  midway  between  the  first  and  second  orders  we  take 
^=1.5.  The  intensity  of  a  principal  maximum  varies  as  xV^,  so 
that  the  relative  intensity  of  the  scattered  light  varies  as  i/N.  The 
total  energy  in  a  spectrum  is,  however,  proportional  to  N,  so  that 
the  proportion  of  energy  in  the  scattered  light  is  independent  of  N , 
as  we  should  expect. 

Amplitude  errors. — We  now  pass  to  the  consideration  of  a  funda- 
mentally different  class  of  errors.  These  arise  when  the  amplitude 
of  the  disturbance  from  the  nth.  groove  is  a  function  of  n,  while  the 
phase-difference  between  successive  grooves  is  constant.  For  such 
errors  it  is  convenient  to  take  4>  as  our  independent  variable  and 
write 

The  vector  polygon  is  equiangular  but  not  equilateral.  In  the 
direction  of  a  principal  maximum,  therefore,  it  always  straightens 
out  completely,  so  that  the  form  of  the  diffraction  pattern  is  inde- 
pendent of  the  order.     It  follows  also  that  the  spectral  images  are 
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always  symmetrical  and  in  their  true  position.  The  question  as 
to  whether  the  minima  are  clean  or  not  depends,  as  with  the  phase 
errors,  on  whether  /(«)  is  an  even  function  of  n  or  not.  In  the 
classification  of  errors  of  this  type  we  may  repeat  exactly  the  same 
list  as  was  given  for  phase  errors,  namely,  (i)  /  is  a  polynomial  in  <^; 
(2)  /  is  subject  to  discontinuous  variations;  (3)  /  is  periodic;  (4)  / 
is  subject  to  accidental  variations.  Errors  of  the  first  class  will 
naturally  arise  from  the  gradual  wear  of  the  ruling  point;  other 
tjpes  of  this  defect  belong  to  other  forms  of  spectroscopic  apparatus. 
Errors  of  the  second  t}'pe  may  arise  from  a  sudden  breakage  of  the 
diamond  point  during  the  ruling;  there  are  also  certain  artificially 
produced  modifications  of  the  grating  coming  under  this  head. 
Properly  speaking  there  is  no  amphtude  error  of  the  periodic  t^pe 
to  be  looked  for  in  the  process  of  ruling  the  grating,  but  we  shall 
consider  one  case  in  which  such  a  variation  of  amplitude  may  be 
made  to  serve  a  useful  purpose.  The  fourth  type  of  error  is  always 
present. 

If  we  screen  off  a  portion  of  the  ends  of  the  grooves  of  one  part 
of  the  grating  the  amplitude  of  the  disturbances  coming  from  these 
grooves  is  cut  down  proportionally.  This  process  of  artificially 
producing  amphtude  errors  not  only  serves  to  give  a  concrete  pic- 
ture of  any  particular  problem,  but  affords  a  means  of  practically 
compensating  all  except  the  accidental  errors. 

Generally  speaking,  the  progressive  change  in  form  of  groove 
due  to  wear  of  the  ruling  point  is  a  trivial  defect.  The  calculation 
of  the  intensity  when  /(0)  is  represented  by  an  algebraic  expansion 
is  a  matter  of  some  difficulty,  but  if  we  write 

we  have 

a 

the  vector  curve  is  readily  seen  to  be  a  logarithmic  spiral,  and  the 
intensity  is  given  by 

g-2«*_2g-a*  cos  $+1 


p:- 


i+a^" 
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where  <l>  is  the  total  range  of  phase.  The  form  of  the  diffraction 
pattern  is  that  of  a  prism  with  finite  absorption,  a  case  aheady 
treated  by  H.  M.  Reese/  Wadsworth,^  and  the  writer.^  It  is  there 
found  that  the  change  in  resolving  power  for  a  total  variation  of 
amplitude  of  i/e  is  almost  negligible,  and  even  for  a  variation  of 
i/e^  is  only  4  per  cent.  While  the  wear  of  the  ruling  point  would 
not  follow  any  such  law  in  general,  the  above  figures  serve  as  a  fair 
index  of  the  order  of  magnitude  of  the  effect  to  be  expected.  The 
breakage  of  the  point,  producing  a  sudden  change  in  amplitude,  is 
easily  treated  by  the  vector  diagram.  Thus  suppose  we  have  half 
of  the  grating  giving  an  amplitude  s  and  the  other  half  giving  an 
amphtude  iis.  The  appropriate  vector  curve  consists  of  two  cir- 
cular arcs  of  radii      and  —  ,  and  of  lengths  5  and  /jls,  having  a  com- 

mon  tangent  at  their  point  of  junction.  The  expression  for  the 
intensity  is  readily  seen  to  be 

—  (I-2MCOS0+M'), 

or  in  general,  for  lengths  Xi,  X2  of  ruled  surface,  with  amplitudes 

I  =  A',-\-Al-2A,A2Cos  $. 

The  use  of  screens  to  cut  ofiE  a  portion  of  the  ruled  surface  has  a 
practical  importance  to  which  Rayleigh  has  called  attention,  but 
which  has  not  been  utilized  to  the  fullest  extent.  We  will  consider 
some  of  the  general  aspects  of  the  problem,  limiting  the  discussion 
to  symmetrical  screens,  for  which  the  minima  are  free  from  illumi- 
nation. Suppose  first  that  the  ampUtude  is  reduced  at  the  ends 
of  the  ruled  surface.  The  circular  arcs  which  constitute  the  vector 
curve  of  the  complete  grating  now  have  a  smaller  radius  of  curva- 
ture at  their  extremities.  Thu's  in  the  true  direction  of  the  first 
minunum  the  vector  curve  has  not  closed  completely,  the  closure 
taking  place  for  a  larger  value  of  the  phase.  The  central  portion 
of  the  image  is  thus  widened  out,  with  a  consequent  loss  of  resolving 
power.     On  the  other  hand,  the  linear  dimensions  of  the  closed  loop 

^  Astro  physical  Journal,  13,  199,  1901. 

'  Phil.  Mag.  (6),  5,  355,  1903.  ^  Astrophysical  Journal,  44,  76,  1916. 
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are  smaller  than  those  of  the  corresponding  circle;  hence  when  the 
first  subsidiary  maximum  has  been  reached  it  has  a  smaller  relative 
amplitude  than  the  complete  grating.  The  general  effect  of  screen- 
ing the  ends  of  the  grating  is  thus  to  widen  the  image  and  at  the 
same  time  to  diminish  the  relative  prominence  of  the  secondary 
maxima.  Screening  the  central  portions  of  the  image  produces 
exactly  the  opposite  effect.  It  is  unnecessary  to  repeat  the  comple- 
ment of  the  preceding  argument.  Diffraction  patterns  for  discon- 
tinuous screening  of  the  center  are  given  by  Rayleigh.'  A  t}pical 
example  of  the  eft'ect  of  screening  the  ends  arises  when  the  aper- 
ture of  the  optical  train  is  less  than  the  aperture  of  the  grating. 
This  case  has  in  effect  been  worked  out  by  Airy  and  by  Rayleigh, 
the  intensity  being  expressed  by  means  of  the  Bessel  function  of 
the  first  order.  Finally,  if  we  screen  off  portions  of  the  grating 
intermediate  between  the  middle  and  the  ends,  we  get  a  diffraction 
pattern  which  is  in  a  sense  a  compromise  between  the  two  extreme 
cases  given  above,  in  which  we  obtain  an  increased  resolving  power 
without  unduly  enhancing  the  prominence  of  the  subsidiary  maxima. 
This  case  is  discussed  by  Rayleigh,^  who  finds  that  if  at  the  points  of 
trisection  of  the  grating  three-eighths  of  the  ruled  surface  is  blotted 
out  wc  get  a  fairly  satisfactory  compromise.  The  vector  curves  are 
readily  constructed  for  this  case,  and  the  analytic  expression  for 
the  intensity  is  readily  obtained  from  such  diagrams.  The  prob- 
lem of  finding  the  best  compromise  deserves  wider  investigation, 
but  unfortunately  the  methods  available  for  its  solution  seem  to  be 
almost  entirely  empirical.  It  may  be  noted  in  this  connection  that 
the  grooves  most  affected  by  the  phase  errors  of  even  degree  are 
intermediate  between  the  center  and  the  ends  of  the  ruled  surface, 
so  that  the  use  of  screens  would  in  general  improve  the  s\-mmetry 
of  the  image. 

Periodic  errors  of  amplitude. — Cgnsider  a  grating  in  which  CN-ery 
pth  groove  is  missing,  what  would  be  the  effect  on  the  diffraction 
pattern  ?  To  solve  this  problem,  consider  first  the  vector  diagram 
of  the  complete  grating.  In  the  direction  of  the  ^th  minimum  the 
sum  of  the  disturbances  from  all  the  grooves  is  zero.  If  we  draw 
all  the  vectors  from  a  common  origin  we  will  have  2iV  vectors  s>Tn- 

'  Coll.  Papers,  I,  415-  '  //"'/-  HI,  88. 


THEORY  OF  IMPERFECT  GRATINGS  87 

metrically  distributed  about  this  point.  If  now  we  obliterate  every 
pth  groove,  the  corresponding  vector  diagram  will  be  obtained  by 
taking  away  2N/P  vectors,  which  will  be  in  general  symmetrically 
distributed  about  the  origin,  and  which  will  therefore  have  zero  for 
their  sum.  The  sum  of  the  remaining  vectors  will  thus  be  zero,  so 
that  in  general  the  minima  of  the  defective  grating  will  coincide 
with  those  of  the  complete  grating.  An  exception  arises  when 
q  =  2N/p,  4N/P,  etc.,  for  in  this  case  the  vectors  subtracted  will  all 
be  in  phase,  and  will  have  a  resultant  2N/p;  the  resultant  of  the 
remaining  vectors  will  have  the  same  magnitude.  The  effect  of 
omitting  the  grooves  will  therefore  be  to  produce  a  series  of  ghosts 
of  equal  brightness  i/p^  in  the  directions  of  the  principal  maxima  of 
a  grating  having  an  interval  pa. 

This  device  has  been  suggested  to  the  writer  by  Dr.  J.  A. 
Anderson.'  of  Mount  Wilson,  as  a  means  of  obtaining  secondary 
standards  for  wave-length  measurement  with  a  grating,  using  the 
method  of  coincidences.  It  would  make  possible  the  use  of  a  smaller 
number  of  selected  spectral  lines  of  known  homogeneity,  for  pur- 
poses of  comparison. 

Accidental  errors  of  amplitude. — These  are  due  largely  to  the 
crystalline  structure  of  the  speculum  combined  with  its  brittleness. 
The  range  of  the  variation  of  amplitude  is  usually  greater  for  the 
smaller  wave-lengths.  Let  the  ampHtude  of  the  successive  dis- 
turbances differ  from  a  certain  mean  value  A  by  random  quan- 
tities e.4 .  Consider  any  direction  in  which  the  illumination  would 
be  zero  for  a  perfect  grating.  For  the  actual  grating  the  vectors 
are  distributed  s>Tnmetrically  in  phase,  but  are  of  unequal  magni- 
tude. We  can  break  up  this  sum  into  a  sum  of  2.Y  vectors  of  ampli- 
tude A  plus  a  sum  of  2N  vectors  of  random  amphtudes  distributed 
S}Tnmetrically  in  phase.  The  sum  of  the  first  set  is  zero,  that  of 
the  second,  by  the  results  of  Rayleigh,  referred  to  above,  is  on  the 
average  ^1  2)e^  Hence  the  expectation  of  intensity  is  A^'elN. 
The  effect  of  the  accidental  errors  of  amplitude  is  to  produce  scat- 
tered hght  of  an  intensity  independent  of  the  order.     Practically  all 

'  The  writer  is  indebted  to  Dr.  J.  A.  Anderson  for  his  permission  to  refer  to  this. 
Dr.  Anderson  has  actuallj-  ruled  a  small  grating  of  this  type,  but  the  results  obtained 
have  not  yet  been  published. 
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gratings  show  this  scattered  Hght,  which  can  be  distinguished  from 
that  due  to  errors  of  spacing  by  examining  the  neighborhood  of  the 
central  image,  where  the  errors  of  spacing  produce  no  effect.  It 
seems  to  be  perfectly  feasible  to  determine,  by  measuring  the  inten- 
sity of  this  scattered  light,  the  magnitude  of  the  accidental  errors, 
both  of  spacing  and  groove  form. 

The  method  of  coincidences. — The  discovery  of  inadmissible  errors 
in  Rowland's  table  of  wave-lengths  threw  a  great  deal  of  suspicion 
on  the  method  of  coincidences  as  a  means  of  constructing  standard 
tables.  Michelson^  then  showed  that  a  particular  kind  of  error  of 
spacing  would  be  sufficient  to  account  for  the  errors  actually  found. 
Unless  it  can  be  shown,  however,  that  such  defects  as  are  unavoid- 
able in  the  best  gratings  will  produce  systematic  errors  of  measure- 
ment, a  complete  case  can  hardly  be  said  to  be  made  out  against 
the  method.  Miss  Howell's^  very  careful  work  has  reopened  the 
question  (i)  by  pointing  out  other  sources  of  error  which  were  pres- 
ent in  Rowland's  work;  (2)  by  showing  that  with  some  gratings, 
at  least,  good  measurements  can  be  made.  Our  task  here  is  to 
investigate  just  what  defects  impair  the  usefulness  of  gratings  for 
accurate  measurement,  together  with  the  size  of  the  possible  errors 
introduced. 

To  begin  with  we  may  notice  that  coincident  spectra  of  different 
orders  will  be  in  focus  simultaneously.  Consider  the  wave-fronts 
of  two  coincident  orders.  The  effective  errors  of  spacing  are 
proportional  to  the  order,  and  hence  vary  inversely  as  the  wave- 
lengths, so  that  the  phase  variations  of  the  wave-front  are  in  this 
ratio.  The  linear  magnitude  of  the  distortions  of  the  wave-front 
are  thus  the  same,  or  the  two  wave-fronts  coincide. 

In  the  second  place,  variations  of  the  form  of  groove  or  other 
amplitude  errors  cannot  affect  the  measurements,  as  they  affect 
neither  the  symmetry  nor  the  positions  of  the  spectral  images. 
The  same  is  true  of  the  phase  errors  of  odd  degree.  There  remain 
the  phase  errors  of  even  degree  as  the  only  defects  which  can  affect 
the  measurements  with  any  systematic  error. 

We  have  seen  that  such  errors  displace  the  maxima  from  their 
true  jjositions.     We  shall  limit  the  following  discussion  to  quad- 

'  Aslrophystcal  Journal,  18,  29<S,  i()03.  'Ibid.,  29,  230,  1914. 
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ratic  errors.  If  we  plot  the  position  of  the  maximum  against  the 
magnitude  of  \ysl,  the  coefficient  of  the  quadratic  error,  we  get  the 
curve  {a)  of  Fig.  9.  Except  for  the  larger  values  of  ^ysl  this  curve 
is  sensibly  a  straight  line.  Thus  the  displacement  of  the  maximum, 
measured  in  phase  (that  is,  in  terms  of  the  width  of  the  image), 


1-4 


0.6 


is  proportional  to  the  magnitude  of  the  error.  The  error  is  pro- 
portional to  the  order  of  the  spectrum,  while  the  width  of  the  image 
is  proportional  to  the  wave-length;  the  angular  displacement  of 
the  maximum  is  therefore  proportional  to  ^X.  It  follows  that  if 
all  measurements  are  made  on  the  maxima,  no  errors  can  be  intro- 
duced in  the  ratio  of  two  wave-lengths.     The  same  is  true  if  we 
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make  all  settings  on  the  center  of  gravity  of  the  central  maximum, 
for  if  we  plot  the  shift  of  this  we  get  the  curve  {h) ,  which  is  approxi- 
mately straight.  The  error  committed  arises  entirely  from  the  fact 
that  the  images  are  uns>Tnmetrical,  and  dissimilar  for  the  different 
orders,  and  hence  when  we  set  on  an  image,  the  particular  portion 
of  the  image  set  on  depends  on  the  form  of  the  image,  and  on  the 
intensity  of  the  line  in  a  way  that  cannot  be  predicted.  The  dis- 
tance between  the  two  curves  gives  us  an  approximate  upper  limit 
to  the  magnitude  of  the  error  committed.  The  greatest  value  of 
this  within  the  range  of  errors  considered  gives  about  t/6.  This  is 
about  one-sixth  of  the  angular  separation  of  the  principal  maximum 
and  the  first  minimum.  For  a  grating  of  100,000  lines  the  error 
would  be  about  2  in  1,000,000,  say  o.oi  A  in  the  neighborhood  of 
the  D  lines.  This  would  suppose,  however,  a  grating  so  bad  that 
the  spectral  images  were  nearly  sjinmetrical  doublets.  If  the 
as>Tnmetry  of  the  images  is  no  greater  than  i  of  Fig.  5  the  limit  of 
error  would  be  about  o.ooi  A.  Whether  such  gratings  are  hard  to 
find  or  not  an  asymmetry  of  this  amount  should  be  easily  noticeable, 
so  that  it  should  be  possible,  by  simple  examination  of  the  spectral 
images,  to  decide  whether  the  results  of  the  measurements  should 
have  this  accuracy.  There  are  other  tests  for  the  presence  of  quad- 
ratic error,  such  as  covering  half  of  the  grating  and  measuring  the 
change  of  focus  or  observing  the  shift  of  the  image,  but  they  are 
not  nearly  so  sensitive  as  the  asymmetry  test.  It  may  be  con- 
sidered that  in  view  of  the  multiplication  of  secondary  standards 
obtained  by  the  Fabry  and  Perot  interferometer  there  is  no  need 
to  use  gratings  for  this  purpose.  We  shall  see  in  what  follows  that 
the  interferometer  measurements  are  subject  to  an  error  of  the  same 
kind  as  the  grating,  and  further,  the  grating  remains  the  only  instru- 
ment for  measurements  on  absorption  lines.  The  writer  hopes  at 
some  future  date,  when  he  can  get  access  to  a  number  of  gratings, 
to  pursue  the  subject  farther. 

TJic  defective  Fabry  and  Perot  interferometer. — Consider  a  narrow 
beam  of  parallel  light  falling  on  the  interferometer  plates.  Let  A^o 
be  the  amplitude  of  the  first  transmitted  beam.  Then  the  ampli- 
tude of  the  nih  beam  may  be  written 

As  =  Asoe~'"' 
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The  vector  polygon  consists  of  a  series  of  vectors  whose  phases  are 
in  arithmetical  progression  and  whose  amphtudes  are  in  geometric 
progression.  The  summation  leads  to  the  well-known  Airy  formula 
for  the  intensity.  If  the  logarithmic  decrement  of  the  successive 
interfering  beams  is  not  too  great,  the  writer  has  shown  that  we 
can  replace  the  polygon  by  a  logarithmic  spiral.     Hence  we  may 

write 

kit>  k<p 

Hence 

I  cos  ({)ds  =   . .  ,  ,  ,,  I      sin  cbds  =  4t^+  k^  • 

J^        ^        c-Jsl+k^        J^  ^        cldsl 

Here  Co,  the  curvature  of  the  spiral,  is  the  change  in  phase  for  unit 
length  of  the  spiral.  Hence  Cods^  is  the  phase-difference  between 
successive  interfering  beams  (  =  0i,  say),  while  k  is  the  logarithmic 
decrement  for  two  successive  beams.  Squaring  and  adding,  we  get 
the  expression  for  the  intensity  previously  obtained.'  If  the  beam 
covers  an  area  dS  of  the  plates,  it  contributes  to  the  total  intensity 
the  two  vector  components 

kdS        4>idS 

Let  the  distance  z  between  the  plates  be  given  by    ' 

z  =  So+/(.^^  >'), 

where  z  is  the  distance  at  any  assumed  origin  on  the  plates,  and 
X,  y  are  the  co-ordinates  of  dS.     We  have 

where  $  is  the  phase-difference  at  the  origin.  We  thus  get  for  the 
final  intensity  the  sum  of  the  squares  of  the  two  integrals 


'  Sparrow,  op.  cit. 
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The  images  will  not  in  general  be  s>TTimetrical.  Before  examining 
the  general  case  we  will  assume  a  few  special  forms  of  /.  Taking 
circular  plates,  with  the  origin  at  the  center,  let 


iwR' 


where  R  is  the  radius  of  the  plates,  we  can  readily  integrate,  and 
get  for  the  intensity 


7  =  ^J,  tan-' 


bk 


k'+<t>\- 


hA  "'"26M 


log  ^        ^' 


The  images  are  s}Tnmetrical.  The  curve  is  shown  in  {b)  Fig.  10. 
Perhaps  the  simplest  assumption  we  can  make  as  to  /  is  that  /  is 
constant  and  equal  to  o  for  the  fraction  h  of  the  total  area,  and 

equal  to  the  constant  7^^  for  the  remainder.     The  expression  for 


27r 


the  intensity  is 


/: 


r    hk 


;+ 


{i-h)k 


+  k'     (01+7)^+^^ 


+ 


h^ 

^;+^^" 


(01+7)'+^' 


For  /f  =  ^  we  get  a  symmetrical  curve.     For  h  =  \  we  get  the  curves 
(c),  {d),  {e),  for  which  7  =  0.18,  0.27,  0.36  respectively. 

Before  examining  the  consequences  of  this  asymmetry,  let  us 
look  a  moment  at  the  general  question.  In  the  first  place,  it  is 
evident  that  the  number  of  surfaces  which  will  give  the  same  diffrac- 
tion pattern  is  infinite,  for  we  can  rearrange  the  elements  dS  in  any 
way  so  long  as  the  distances  are  preserved.  If  we  change  the 
sign  of  <^,  and  /  simultaneously,  the  pattern  is  unaltered.  But 
changing  the  sign  of  /  replaces  the  surface  by  its  reflection  in  the 
xy  plane,  and  since  this  is  equivalent  to  a  change  in  the  sign  of  0i, 
the  dififraction  pattern  is  turned  end  for  end.  If  the  pattern  is 
symmetrical  therefore,  /  and  — /  give  the  same  pattern.  Thus  a 
concave  and  a  convex  spherical  curvature  give  the  same  pattern. 
Choose  z  as  independent  \ariable,  and  ])ass  planes  z,  z-\-dz,  inter- 
cepting between  them  the  area  dS.     Let  z  be  the  plane  through  the 
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center  of  gravity  of  the  surface.  Then  if  dS/dz  is  an  even  function 
of  2— s,  the  elements  are  balanced  against  one  another,  so  that  when 
the  surface  is  reflected  in  the  plane  s  =  z,  there  results  simply  an 
interchange  of  equal  elements,  and  we  have  symmetry.  It  is  not 
quite  clear  whether  this  condition  is  necessary  for  symmetry,  as 
the  difficulties  of  a  general  solution  of  the  problem  are  considerable. 
We  can  see  now,  how- 
ever, why  the  spherical 
curvature  should  give 
s>Tnmetrical  images  for 
this  condition  is  exactly 
fulfilled  in  this  case, 
dS/dz  being  in  fact  con- 
stant. With  the  nota- 
tion adopted,  the 
quantity  b  represents 
the  extreme  deviation  in 
phase   over   the   plates. 

By  examining  the  expression  for  the  intensity  it  can  be  seen  that 
the  shape  of  the  diffraction  curve  depends  on  the  ratio  of  7  to  k. 
The  value  of  k  corresponding  to  the  investigations  of  Fabry  and 
Perot  is  log  0.75  or  about  0.3,  which  is  therefore  the  value 
assumed  in  these  calculations.  The  better  methods  of  polish- 
ing the  films  used  by  Pfund  and  others  probably  reduce  this  value 
of  k,  and  hence  make  higher  demands  on  the  accuracy  of  the  plates. 
Thus  the  errors  of  path  difference  corresponding  to  the  curves  given 
are  (a)  o;    (b)  0.05X;    (c)  0.032X;    (d)  0.043X;    (e)  0.064X. 

The  importance  of  this  for  us  Hes  in  the  fact  that  the  method 
of  measuring  wave-lengths  with  this  instrument  is  essentially  the 
method  of  coincidences.  The  ratio  of  two  wave-lengths  is  found  by 
measuring  the  separations  of  the  plates  in  terms  of  the  two.  If  the 
images  are  uns>Tnmetrical,  an  error  arises,  just  as  with  the  grating, 
from  the  uncertainty  as  to  which  part  of  the  fringe  is  set  on.  The 
distance  between  the  center  of  gravity  and  the  maximum  for  the 
curves  drawn  is  (a)  o;   (b)  o;    (c)  0.05;   (d)  o.io;   (e)  0.14. 

The  separation  of  the  fringes  is  27r  in  terms  of  </>.  Thus  if  the 
variation  of  path  dift'erence  is  o.  04X  the  error  of  setting  may  amount 
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to  one-sixtieth  the  distance  between  the  fringes,  or  about  double 
the  limit  of  measurable  accuracy.  But  this  requires  that  the  dis- 
tance between  the  plates  be  constant  to  within  X/40,  or  that  each 
plate  be  correct  to  within  half  this  amount  if  the  plates  are  tested 
separately.  We  thus  see  what  a  high  precision  of  figure  is  necessary 
to  approach  the  accuracy  which  the  instrument  is  supposed  to  give. 
Even  if  the  plates  are  figured  accurately  a  slight  variation  in  the 
condition  or  thickness  of  the  silver  film  may  introduce  the  errors. 
Somewhat  larger  errors  are  caused  when  h  =  j.  This  is  probably 
an  extreme  case,  but  the  value  f  does  not  give  the  upper  limit  of 
possible  as>Tnmetry. 

It  may  be  argued,  however,  that  the  method  of  using  different 
separations  of  the  plates,  which  is  used  in  order  to  eliminate  the 
phase-change  in  the  film,  also  eliminates  any  systematic  error  in 
setting  on  the  fringes.  In  the  first  place,  in  order  that  this  method 
should  be  valid,  the  two  plates  when  used  with  different  etalons 
must  be  always  placed  in  the  same  relative  position.  In  the  second 
place,  the  wave-length  must  be  calculated  from  the  dijference  of  the 
separations,  just  as  is  done  in  absolute  measurements.  Actually,  two 
different  methods  have  been  used.  Pfund'  calculates  the  phase- 
change  from  the  difference,  which  thus  gives  the  average  value  of 
the  phase-change  over  the  plates,  and  then  uses  the  larger  separa- 
tion alone  to  calculate  the  wave-length,  thus  reintroducing  any  error 
arising  from  asymmetry.  Fabry  and  Buisson^  used  for  the  smaller 
separation  the  Newton  ring  system  localized  in  the  plates.  In  this 
system  of  fringes  each  fringe  is  produced  by  that  small  portion  of 
the  plates  in  its  neighborhood,  and  the  fringes  are  necessarily  sym- 
metrical. Thus  in  determining  the  phase  change  by  this  method, 
measurements  on  symmetrical  fringes  are  compared  with  those  on 
(possibly)  asymmetrical  fringes. 

There  is  another  cause  of  asymmetry  which  exists  even  with  per- 
fect plates.  This  is  due  to  the  fact  that  the  diameters  of  successive 
rings  vary  as  the  square  roots  of  the  natural  numbers.  The  disper- 
sion of  the  instrument  thus  varies,  and  the  as>Tiimetry  of  the  rings 
increases  as  we  approach  the  center.  'I'hus  if  we  measure  the  cen- 
tral rings,  as  is  usually  done,  we  have  to  deal  with  an  asymmetry 

'  Aslrophysical  Journal,  28,  197,  1908.  '  IHd.,  169,  1908. 
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the  amount  of  which  depends  on  the  fractional  part  of  the  order. 
Errors  arising  from  this  cause  may  affect  even  absolute  measure- 
ments, unless  care  is  taken  always  to  use  such  distances  that  the 
fractional  order  is  the  same  for  both  separations  of  the  plates.  All 
of  the  foregoing  discussion  of  the  shape  of  the  plates  has  assumed 
that  the  rings  were  not  too  near  the  center.  To  find  the  exact 
shape  of  a  particular  fringe,  we  should  have  to  replace  (t>^  by  ^2 
where  r  is  the  radius  of  the  fringe  corresponding  to  the  phase  0r 
and  ro  corresponds  to  the  zero  of  phase. 

We  thus  see  that  the  errors  of  the  method  of  coincidences  are 
not  confined  to  the  grating,  but  are  to  be  looked  for  in  the  inter- 
ferometer as  well.  That  the  measurements  with  the  latter  instru- 
ment have  been  more  satisfactory  is  due  perhaps  to  the  fact  that 
good  interferometers  have  been  compared  with  poor  gratings,  but 
also,  and  in  large  measure,  we  think,  to  the  fact  that  the  users  of 
the  former  instrument  have  applied  the  knowledge  acquired  in 
other  fields  regarding  the  standardization  of  light  sources,  atmos- 
pheric dispersion,  etc.  The  theoretical  advantages  of  the  two 
instruments  may  be  compared  as  follows:  The  defects  of  the 
gratings  are  fixed.  If  we  have  a  good  instrument  we  can  make 
measurements  as  good  as  the  best ;  if  it  is  defective  a  definite  limit 
is  set  to  the  accuracy  of  all  our  measurements.  With  the  inter- 
ferometer a  good  pair  of  plates  may  become  defective  through 
rotating  one  of  them,  or  through  tarnish  or  non-uniformity  of  the 
silver  film;  on  the  other  hand,  we  may  more  or  less  average  out 
the  errors  of  a  defective  pair  by  this  process,  since  each  silvering 
or  change  of  relative  position  makes  virtually  a  new  pair  of  plates. 
We  think  the  tests  for  the  accuracy  of  the  grating  can  be  made  more 
sensitive  than  those  for  the  interferometer,  because  the  disappear- 
ance of  the  subsidiary  maximum  on  one  side  in  an  intensity  curve 
like  (i),  Fig.  5,  is  more  certainly  detected  than  a  slight  general 
asymmetry  of  a  smooth  curve  like  (c),  Fig.  10.  The  writer  hopes 
at  some  future  date  to  examine  this  question  experimentally. 
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STUDIES  BASED  OX  THE  COLORS  AXD  MAGNITUDES 
IX  STELLAR  CLUSTERS' 

TENTH  PAPER:    A  CRITICAL  MAGNITUDE   IN   THE   SEQUENCE 
OF  STELLAR  LUMINOSITIES 

By  HARLOW  SHAPLEY 

The  investigations  reported  in  the  preceding  Contributions  point 
to  the  close  equahty  of  the  median  apparent  magnitudes  of  cluster- 
t}pe  variables  as  a  significant  phenomenon  in  Cepheid  variation. 
The  absolute  brightness  corresponding  to  this  median  value  marks 
the  limit  fainter  than  which  variabihty  of  the  Cepheid  t}-pe  evi- 
dently does  not  occur.  The  discussion  in  the  present  paper  tends 
to  show  that  the  same  absolute  magnitude,  or  one  nearly  the  same, 
also  marks  a  critical  point  in  the  djTiamical  history  of  stars  in  gen- 
eral. The  result  might  have  been  anticipated,  for  the  concentra- 
tion of  the  median  luminosities  of  cluster-t}pe  variables  to  a  very 
narrow  interval  would  require  a  similar  concentration  for  other  stars 
of  like  mass  and  color  if  Cepheid  variation  is  regarded  as  accidental 
rather  than  inevitable  in  a  star's  development.  We  must  keep  in 
mind,  however,  the  possibility  that  the  variation  itself  might  oper- 
ate to  hold  a  star  indefinitely  long  at  the  critical  magnitude. 

From  an  unpublished  study  of  Messier  3  (N.G.C.  5272)  the  fre- 
quency of  photo-visual  magnitudes  for  various  classes  of  colors  is 
given  in  Table  I.  The  catalogue  from  which  this  table  was  con- 
structed is  based  upon  about  ten  thousand  measures  of  magnitude. 
Much  care  has  been  taken  to  avoid  errors,  and  the  results  are 
believed  to  be  dependable,  both  as  to  actual  colors  and  as  to  rela- 
tive frequencies.  Only  stars  between  2'  and  11'  from  the  center  of 
the  cluster  and  brighter  than  the  seventeenth  photo-visual  magni- 
tude are  included  in  Table  I.  All  known  variables  are  omitted,  as 
well  as  stars  with  doubtful  colors  or  magnitudes.  The  general  dis- 
cussion of  the  table  we  reserve  for  the  paper  on  Messier  3,  using 
for  the  present  investigation  only  the  relation  of  star  numbers  to 
magnitude. 

'  Cotitribiilioiis  from  the  Mount  Wilson  Observatory,  No.  155. 
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Plotting  the  data  of  the  last  column,  we  obtain,  as  in  the  upper 
part  of  Fig.  i,  the  luminosity-curve  for  all  colors,  which  shows  a 
conspicuous,  sharp  maximum  at  photo-visual  magnitude  15.50. 
This  combines  the  luminosity-curve  of  the  reddish  giants  with  an 
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Fig.  I. — Frequency  of  photo-visual  magnitudes  in  Messier  3.     Above:  All  colors. 
Below:   Full  line,  color-index  ^  -|-o.6o;  broken  line,  color-index  <  4-0.60. 

abnormal  or  at  least  irregular  luminosity-curve  of  the  bluer  stars. 
In  the  lower  half  of  Fig.  i  the  two  are  given  separately.  The 
curve  for  the  redder  giants  is  as  smooth  and  complete  as  could  be 
expected  for  a  small  group  of  giant  stars.'  The  other,  though 
otherwise  a  regular  curve  for  which  the  fainter  limit  is  set  by  the 

*  Actually  this  curve  is  also  a  composite  of  several  distinct  luminosity-curves,  as 
may  be  inferredjfrom  the  columns  of  Table  I. 
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limit  of  the  catalogue,  shows  a  remarkable  gathering  of  stars 
between  magnitudes  15.20  and  15.60.  A  smooth  curve  would 
allow  less  then  15  stars  to  this  interval;  the  actual  number  is  83, 
exclusive  of  known  variable  stars. 

The  median  photo-visual  magnitude  of  the  variables  has  not 
been  directly  determined,  but  it  is  known^  to  lie  between  15.25 
and  15.35.  Therefore,  if  all  the  known  variables  within  the 
measured  area  were  included,  with  median  values  of  their  magni- 
tudes and  colors,  the  excess  of  stars  between  15 .  20  and  15 .  60  would 
be  about  1200  per  cent. 

The  observed  luminosity-curve  for  the  blue  stars  is  not  of  the 
regular  form  originally  expected  and  most  readily  explained.  If, 
with  the  variables  excluded,  a  smoothly  increasing  curve  had 
resulted,  we  would  have  assumed  that  the  variables  are  peculiar 
stars  intermingled  with  a  normal  aggregation.  On  the  other  hand, 
if  a  smoothly  increasing  curve  resulted  only  when  all  the  variables 
were  included  at  their  median,  maximum,  or  minimum  brightness, 
we  would  have  assumed  that  the  variables  are  normal  stars  under- 
going a  stage  in  stellar  evolution  that  is  common  to  nearly  all  stars 
with  sufficient  mass  to  attain  this  critical  luminosity.  The  actual 
condition,  however,  is  accounted  for  less  easily. 

A  question  naturally  arises  concerning  the  constancy  of  the  light 
of  the  stars  that  form  the  excess  over  the  number  required  for  a 
smooth  luminosity-cur\^e.  In  the  area  covered  by  the  manuscript 
catalogue  of  stars  in  Messier  3  there  are  about  100  typical  cluster- 
t>pe  variables — all  nearly  identical  in  every  knowm  characteristic;^ 
and  there  are  about  70  of  these  additional  stars,  which,  though 
closely  resembling  the  variables  in  magnitude  and  color,  do  not  in 
a  single  case  appear  to  undergo  a  definite  variation  of  light.  Are 
they  incipient  variables,  or  stars  in  which  a  variation  once  existed 
but  is  now  disappearing  or  has  completely  vanished  ?  Or,  through 
the  fortunes  of  position  and  motion,  have  they  avoided  the  cause 
of  variation  or,  by  relatively  sHght  differences  in  physical  structure, 
have  they  been  able  to  withstand  it  ? 

'  See  Figs.  3  and  4  in  the  second  part  of  the  preceding  CantribuHon. 
^  Except,  of  course,  in  distance  from  the  center,  and  possibly,  therefore,  in  space 
velocity. 
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The  stars  in  question  may  be  readily  selected  from  the  cata- 
logue, and  a  future  detailed  study  of  their  magnitudes  may  help  to 
solve  a  problem  which  is  of  much  significance  in  the  full  interpreta- 
tion of  Cepheid  variation,  and  which  may  be  of  some  importance 
in  getting  at  the  internal  structure  of  a  star.  Meanwhile  we  have 
an  indication  of  the  possible  result  throXigh  the  following  tabulation 
of  the  means  of  thg  photographic  residuals:' 

Photo-visual  magnitude  15.20  to  15.60: 

Color-index  o  .00  to  +0 .  20,  JSIean  Pg.  residual  =t  o .  103  {2,2,  stars) 
Color-index  -|-o .  20  to  +0 .40,  Mean  Pg.  residual  ±  o  .083  (19  stars) 
Color-index  +0 .40  to  +0 .60,  Mean  Pg.  residual  ±0 .071    (37  stars) 

All  magnitudes  and  colors,  Mean  Pg.  residual  ±0 .082  (800  stars) 

The  interval  of  brightness  near  median  magnitude  is  the  most  com- 
fortable of  all  for  measurement,  being  neither  too  bright  nor  too 
faint,  and  the  accidental  errors  should  be  less  than  for  the  average. 
The  mean  residual  for  all  stars  includes  a  considerable  number  of 
values  referring  to  objects  which  later  were  rejected  because  of 
uncertainty;  therefore  this  mean  is  slightly  greater  than  it  should 
be  for  a  fair  comparison. 

It  is  evident  then  that  the  2,2>  stars  most  nearly  like  the  variables 
in  median  magnitude  and  color  are  subject  to  uncommonly  large 
magnitude  deviations.  Moreover,  one  or  two  uncertain  results  are 
not  responsible  for  the  large  average  residual,  as  one-half  of  the 
deviations  exceed  ±0.10.  While  awaiting  further  study  our  pro- 
visional conclusions  are  that  Cepheid  variation  affects  some  of 
these  stars  to  some  extent,  and  that  it  may  be  possible  to  witness 
the  beginning  or  end  of  this  type  of  phenomenon.  If  so,  the  initial 
and  final  stages  must  be  short  compared  with  the  whole  duration 
of  mature  variability,  for  of  all  the  variables  in  this  cluster  none 
is  yet  known  to  have  an  intermediate  amplitude  or  period.^ 

Since  the  mean  photographic  median  magnitude  is  definitely 
known  from  Bailey's  extensive  studies,  we  shall  be  able  to  examine 

'  The  residuals  will  appear  in  the  forthcoming  catalogue  of  Messier  3.  The  mag- 
nitude of  each  star  is  the  mean  of  from  two  to  six  determinations. 

'  Cf.  sec.  IV'  of  the  sixth  paper.  Variable  Xo.  37  belongs  to  a  distinctly  different 
subtype. 
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more  closely  the  relationship  of  the  variables  to  these  33  stars  if  we 
put  the  frequency  analysis  on  a  photographic  basis.  Rearranging 
the  data  of  Table  I  and  plotting  the  numbers  for  color-class  ao-as, 
we  obtain  the  photographic  luminosity-curve  given  in  Fig.  2a. 
The  maximum  frequency  corresponds  to  a  brightness  fainter  than 
the  median,  15.50,  by  less  than  a  tenth  of  a  magnitude. 

A  similar  investigation  of  the  photographic  luminosity-curve  for 
Messier  13 — the  only  other  globular  cluster  for  which  extensive  color 
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Fig.  26. —  Photographic  luminosity-curve 
of  blue  stars  in  ]\Iessier  13. 


data  are  available'— results  in  the  curve  (Table  II)  illustrated  in 
Fig.  2b,  showing  a  similarly  close  coincidence  of  maximum  frequency 
and  median  magnitude  (15  .03). 

In  ]\Iessier  13  the  few  faint  variable  stars  have  not  been  thor- 
oughly studied,  and  it  is  necessary  to  obtain  a  h}-pothetical  median 
magnitude  by  adding  i .  28  to  the  mean  magnitude  of  the  25  bright- 
est stars.^    And  also,  since  the  number  of  stars  of  color-class  a  is 

^  Mt.  Wilson  Contr.,l<io.  116,  p.  51,  1915.  Instead  of  photographic,  as  erroneously 
printed,  the  limits  of  magnitude  in  this  table  should  read  photo-\asual.  The  change 
to  the  photographic  system  for  the  present  cur\-e  is  made  with  sufficient  accuracj'  by 
assuming  mean  colors  and  magnitudes  for  each  tabulated  interval.  For  Messier  3, 
however,  the  transformation  was  carried  out  rigorously. 

""  See  sec.  V  of  the  sixth  paper  and  Table  II  of  the  seventh  paper. 
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not  large,  the  interval  of  color  is  extended  in  both  directions,  thus 
including  numerous  stars  with  negative  color-indices.  In  fact,  the 
maximum  is  chief!}-  due  to  stars  wdth  color-class  ^7  to  ao — a  com- 
paratively infrequent  t}pe*  in  Messier  3. 


TABLE  II 

FrEQITEN'CY   IX   ilESSIER    13    OF   THE   PHOTOGRAPHIC   ]\IaGXITUDES 

OF  High-Luminosity  Blue  Stars 
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The  luminosity-curves  of  Figs,  la,  h  render  probable  the  hypoth- 
esis that  the  median  magnitude  is  an  epochal  point  in  the  luminosity 
of  a  cluster  star  whether  or  not  its  hght  is  periodically  variable. 
As  a  partial  and  provisional  interpretation  of  the  congestion  of  blue 
stars  at  this  magnitude,  we  may  refer  to  the  luminosity-period  cur\-e 
of  Cepheid  variation  and  in  particular  to  the  constancy  of  absolute 
magnitude  for  all  periods  less  than  a  day.  If  we  adopt  the  theory 
of  pulsations  for  these  variables,  it  is  clear  that  a  closely  analogous 
curve  would  connect  luminosity  with  mean  density,  and  accord- 
ingly a  progression  through  the  whole  range  of  densities  possessed 
by  cluster-tj-pe  variables  would  demand  no  change  in  median  bright- 
ness. Now,  if  a  more  or  less  uniform  progression  of  density  with 
time  is  a  property  of  all  stellar  evolution  (a  natural  and  almost 
necessary  assumption,  if  stars  are  either  contracting  or  expanding), 

"  The  small  diflFcrence  in  the  mean  color  at  the  ma.\ima  of  the  two  curves  is  prob- 
ably larger  than  the  combined  zero-point  errors  in  the  two  color  scales. 
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there  may  come  an  era  in  the  history  of  every  massive  star  when 
no  change  of  magnitude  will  occur  throughout  a  long  interval  of 
time,  although  the  variation  of  the  mean  density  is  making  con- 
spicuous progress.  Such  a  condition  will  result  in  a  maximum  in 
the  frequency-curve  of  luminosity,  while  it  would  produce  no  irregu- 
larity in  a  graph  of  the  frequency  of  density/  Therefore,  the  per- 
fect counterbalance,  at  the  median  magnitude  of  cluster-t}^e 
variables,  of  decreasing  surface  area  with  increasing  intensity  of 
light-emission,  which  can  account  for  the  flattening  out  of  the 
luminosity-period  curve,  may  explain  at  the  same  time  the  accumu- 
lation of  invariable  stars  about  this  critical  point. ^ 

Assuming,  however,  on  the  basis  of  the  theoretical  studies  of 
Eddington  and  Jeans,  that  the  brightness  of  a  giant  star  is  inde- 
pendent of  the  density  and  is  essentially  a  simple  function  of  the 

'  In  the  third  note  of  the  preceding  paper  we  find  in  Messier  15  neither  a  change 
of  color  nor  an  appreciable  difference  in  magnitude  for  the  two  groups  of  variable 
stars  which  differ  decidedly  in  period  and  presumably  in  mean  density.  The  mean 
periods  are  about  three  and  five-eighths  of  a  day,  respectively,  and  the  mean  densities 
must  differ  in  the  ratio  of  three  to  one  unless  two  different  classes  of  \dbration  are 
involved.  How  such  a  change  in  the  effective  density  could  occur  (with  its  supposedly 
necessary  change  in  surface  area)  without  a  distinct  alteration  either  in  the  total 
light-emission  or  in  the  median  color  is  not  obvious.  A  detailed  study  of  the  two 
groups  of  variables  in  red  or  violet  light  may  supply  the  answer. 

The  solution  of  this  problem  may  lie  in  a  further  consideration  of  the  theoretical 
discussion  and  observations  of  the  preceding  contribution  {Aslrophysical  Journal,  49, 
24,  1919).     From  equation  (2)  on  page  28  the  absolute  magnitude  may  be  written 

M  cc  ?(2  log  P+log  M)-Hlog  0  (C.  I.) 
where  P  is  the  period  of  pulsation,  m  is  the  mass,  and  <t>  (C.  I.)  determines  the  surface 
brightness.  The  observations  referred  to  in  the  foregoing  paragraph  suggest  that  M 
and  <i>  (C.  I.)  do  not  change  for  cluster-type  variables.  Therefore  P^^t  remains  essen- 
tially constant,  and  the  variables  of  the  shorter-period  subtype  are  three  times  as 
massi\'^,  in  the  mean,  as  those  of  the  longer-period  subtj'pe.  Further,  within  the 
uncertainty  of  the  observations  of  color  and  magnitude,  the  period  of  an  individual 
cluster-type  variable  does  not  change  during  the  life  of  the  variation,  for  it  is  hardly 
conceivable  that  the  mass  alters  appreciably.  Every  period  is  associated  with  a 
definite  mass,  and  only  one  period  is  possible  for  a  given  star.  (Cf.  Russell,  Science, 
N.  S.,  49,  136.  1919.)  It  appears,  therefore,  that  the  period-luminosity  curve  is  best 
interpreted  on  the  basis  of  Eddington's  theory  of  a  giant  star.  In  any  case  the  criti- 
cal luminosity  is  to  be  associated  with  the  flattening  of  the  period-luminosity  curve. 
^  There  are  large  numbers  of  fainter  blue  stars  in  both  Messier  3  and  Messier  13, 
as  is  shown  by  Table  I  of  this  paper  and  by  Tables  XXI,  XXIV,  and  XXV  of  the 
second  paper,  ML  Wilson  Contr.,  No.  116.  One  is  reminded  of  the  differences  in  mean 
absolute  magnitude  found  by  Kapteyn  and  Charlier  for  various  groups  of  galactic 
B-type  stars. 


I04  HARLOW  SHAPLEY 

mass,  then  the  congestion  of  stars  at  the  median  magnitude  would 
indicate  a  sharp  maximum  in  the  frequency  of  stellar  masses.  Such 
an  assumption  suggests  interesting  and  unexpected  consequences  in 
the  interpretation  of  the  luminosity-period  curve^  and  in  the  study 
of  the  relative  ages  of  stellar  systems. 

Of  the  two  clusters  discussed  above,  one  is  unusually  rich  in 
typical  cluster-t>^e  variables  but  poor  in  6-class  stars  of  the  median 
magnitude;  the  other  is  poor  in  variables  but  remarkably  rich  in 
the  number  of  stars  of  the  median  magnitude  with  negative  color- 
indices.  There  may  be  much  significance  in  this  compensatory 
difference,  but  our  material  is  still  too  scanty  to  warrant  further 
hypothesis.  Future  work  must  also  decide  to  what  extent  the 
cluster  phenomena  may  be  modified  in  their  translation  to  the 
general  stellar  system. 

Meanwhile,  through  investigations  of  composite  luminosity- 
curves  for  other  clusters,  we  may  look  into  the  generality  of  the 
maximum  at  the  median  magnitude.  Lacking  color-indices,  we 
have  not  the  power  to  determine  quantitatively  the  influence  of  the 
giant  red  stars  on  the  composite  curves,  but  we  shall  be  able  to 
extend  the  work  to  fainter  magnitudes  and  to  learn  something  of 
the  relative  importance  of  this  maximum  frequency  near  absolute 
magnitude  zero.^ 

A  summary  of  the  photographic  magnitudes  in  four  clusters 
appears  in  Table  III.  Messier  13,  which  affords  a  good  example  of 
a  cluster  with  few  variables,  has  been  remeasured  for  this  table 
because  the  data  of  Table  II  are  too  incomplete  for  the  fainter  stars. 
For  none  of  the  four  systems  do  the  measures  extend  over  the  whole 
photographic  plate,  the  condensed  central  regions,  for  instance, 
being  necessarily  avoided.  Over  large  representative  areas,  how- 
ever, all  stars  arc  included  so  that  correct  relative  frequencies  are 
obtained.  Care  has  been  taken  that  peculiarities  which  might 
be  associated  with  galactic  planes  should  not  unduly  prejudice  the 
results.  After  correcting  for  distance  from  the  center  and  irregu- 
larities of  the  measuring  scale,  the  measures  are  retained  in  the 

'  See  the  first  note  of  the  preceding  Contribiition. 

'The  adopted  absolute  value  of  the  photographic  median  magnitude  is  —0.23; 
cf.  sec.  IV  of  the  si.\th  paper. 
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original  scale  readings,  the  exact  evaluation  for  fainter  stars  being 
impossible  from  the  present  material.  Except  for  a  possible  diver- 
gence near  the  ends  of  the  scale,  the  average  value  of  an  interval 
is  one-third  of  a  magnitude. 

The  relative  luminosity-curves  are  plotted  in  Fig.  3,  each 
adjusted  so  that  the  median  magnitude  is  on  the  same  vertical 
Hne.  For  both  ^Messier  2  and  13  the  median  photographic  bright- 
ness is  the  hj-pothetical  value  based  on  the  brighter  stars.     The 

TABLE  III 
Frequency  of  the  Magnitudes  of  4015  Stars  ix  Four  Clusters 


Corrected  Scale  Reading 


Messier  2 


Messier  5 


Messier  13 


Messier  ij 


<io. 
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5- 
5- 
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S- 
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sharpness  of  all  the  maxima  has  probably  been  somewhat  lessened 
through  the  process  of  smoothing  out  scale  irregularities. 

In  comparing  these  maxima  with  the  median  magnitude  it 
should  be  remembered  that  the  latter  is  subject  to  some  uncertainty 
of  measurement  and  the  former  to  a  displacement  of  unknown 
amount  and  direction  through  the  inclusion  of  the  giant  red  stars. 
The  possible  effect  of  the  superposition  of  the  luminosity-curves  of 
the  red  giants  is  illustrated  in  the  curve  of  Fig.  4,  where,  for  Mes- 
sier 3,  the  total  numbers  of  Table  I  are  plotted,  after  transforming 
them  to  the  photographic  system.  This  curve  should  be  compared 
with  that  of  Fig.  2a. 
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Corrected  scale-readings 


FiG.y3. — Photographic  Iuminosity-cur\es  of  stars  of  all  colors  in  four  globular 
clusters,  illustrating  the  maximum  frequency  near  zero  absolute  magnitude.  The 
median  magnitude  for  each  cluster  is  indicated  by  the  heavy  vertical  line.  The 
number  of  stars  measured  in  dififercnt  clusters  (ordinates)  is  not  proportional  to  the 
total  number  in  the  cluster. 
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From  the  evidence  of  this  series  of  diagrams  there  can  be  httle 
doubt  that  in  all  these  clusters  we  have  a  concentration  of  the  mag- 
nitudes of  high-luminosity  blue  stars  about  the  median  magnitude 
of  cluster- t}-pe  variables. 
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Fig.    4. — Photographic   luminosity-cun'e  of   stars  of  all  colors   in  Messier  3. 
E.xcluding  variable  stars  we  have  the  broken  line  with  circles. 


SUMMARY 

The  absolute  photographic  magnitude  —0.2  defines  a  limit  of 
stellar  luminosity  at  which  the  Hability  to  Cepheid  variation  sud- 
denly stops.  All  knouTi  variables  of  the  class  appear  to  surpass 
this  Kmiting  brightness,  which  is  probably  coincident  ^^-ith  a 
turning-point  in  the  development  of  the  internal  structure  of  a  star. 
Whether  or  not  analogous  d}'namical  changes  occur,  regardless  of 
variability,  at  the  same  epoch  in  the  evolution  of  luminosity  for  all 
giant  stars,  has  been  discussed  for  several  globular  clusters  with  the 
aid  of  luminosity-curves  derived  from  the  magnitudes  of  5000  stars. 
For  a  graphical  representation  of  the  results  reference  may  be  made 
to  the  figures  on  the  foregoing  pages. 

Table  I  affords  the  complete  luminosity-curves  for  all  giant  stars 
in  Messier  3  redder  than  color-class  ^o.  Confirming  earlier  work, 
the  final  results  for  this  cluster  show  that  the  highly  luminous  stars 
are  red,  that  the  fainter  ones  are  blue.  The  infrequence  of  cluster- 
type  variables  in  the  Hercules  cluster  (Messier  13)  is  compensated 
for  by  the  richness  of  extremely  blue  stars  at  the  median  magnitude. 

Mount  Wilson  Sol.\r  Observatory 
December  191 7 


AERL\L  PHOTOMETRY 

By  M.  LUCKIESH 

Owing  to  the  nature  of  the  material  presented  in  this  paper  it 
is  impractical  to  pro\4de  the  usual  summary;  therefore  for  the  con- 
venience of  the  reader  the  following  outline  is  given  of  the  chief 
details  in  their  order  of  appearance  in  the  text. 

IXTRODUCTION 

Source  of  daylight  illumination 
Variation  of  sunlight  on  a  clear  day- 
Variation  of  skylight  on  a  clear  day 
Relations  of  sunlight  and  skylight  for  a  clear  day 
Relations  of  sunlight  and  skylight  on  four  tj^iical  days 
Maximum  total  illumination  at  noon  on  clear  days  as  function  of  season 

and  of  cloudiness 
Skylight  illumination  in  terms  of  total  illumination 
Russell's  conclusion  of  135,000  meter-candles  as  maximum  illumination 

outside  earth's  atmosphere 
Another  method  of  determining  maximum  solar  illumination  which  yields 

126,000  meter-candles 
Conclusions 

Apparent  Reflection  Factors  of  Earth  Areas 

Terminology — reflection  factor  and  relative  brightness 
Table  I — reflection  factors  of  fields,  barren  land,  woods,  inland  water 
General  summary  of  reflection  factors  of  earth  areas  in  summer;  in  mid- 
autumn 
Statements  of  Abbot  on  earth's  albedo 

Landscape 

General  characteristics 

Attempt  at  averaging  reflection  factors 

Explanation  of  low  reflection  factor 

Range  of  measurements  of  reflection  factor 

Attempt  to  measure  average  relative  brightness  of  landscapes 

Clouds 

Reflection  factors  of  upper  surface  of  different  types  of  clouds 
Explanation  of  high  value 
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Haze 

Two  types  of  haze 

Rough  determination  of  earth  haze 

Effect  of  absorption  and  scattering  of  haze  on  earth's  relative  brightness 

from  high  altitudes 
Another  rough  detjermination  of  earth  haze 
False  horizon  due  to  earth  haze 

Sky 

General  sky  brightness 

Variation  of  sky  brightness  with  altitude 

Table  II — brightness  of  earth  areas  in  terms  of  sky  brightness 

Checks  between  Tables  I  and  II 

Check  on  mean  reflection  factor  of  earth 

Determination  of  relative  brightness  of  upper  and  lower  sides  of  horizontal 

opaque  white  sheet 
Case  of  an  opaque  white  surface  disappearing  against  the  sky 
Data  of  Kimball  and  Thiessen  for  clear  and  smoky  atmosphere 

Water 

Variation  of  brightness  expected  from  reflection  at  the  surface 

Variations  due  to  objects  mirrored,  to  beds,  to  suspended  matter,  etc. 

Variation  of  trip  over  shallow  inland,  deep  inland,  and  ocean  water 

Hue  considerations 

Table  III — ^brightness  of  inland  waters  in  terms  of  sky  brightness 

Same  for  deep  ocean  water 

Evidence  that  brightness  of  water  is  generally  due  chiefly  to  diffusion  of 

light  in  the  water 
Numerical  considerations 
Brightness  at  forty-five  degrees  incidence 

INTRODUCTION 

Some  of  the  data  recorded  in  the  following  pages  were  obtained 
as  part  of  an  investigation  of  the  \'isibility  of  airplanes.  Owing  to 
the  necessity  for  hastening  the  completion  of  the  work  which  was 
primarily  in  mind,  many  interesting  details  could  not  be  given  much 
attention.  However,  many  data  were  obtained  during  sixty  hours 
in  the  air  with  facilities  for  making  flights  of  any  character  as  to 
altitude,  distance,  terrain,  etc.,  which  could  not  be  obtained  as  satis- 
factorily in  any  other  manner.  Various  t>'pes  of  instruments  were 
used,  but  most  of  the  measurements  were  made  with  a  compact 
instrument  of  special  design  which  need  not  be  described.     It  is 
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proposed  to  present  in  this  paper  only  certain  photometric  measure- 
ments and  alhed  observations,  which  may  be  of  interest  from 
various  viewpoints  aside  from  the  original  one.  In  order  that  the 
reader  may  have  a  clearer  conception  of  the  details  described  in 
later  sections,  a  few  introductory  paragraphs  are  included  which 
deal  with  the  general  characteristics  of  natural  lighting. 

Natural  light  in  the  daytime  reaches  the  earth  directly  from  the 
sun  and   also  indirectly  through   scattering  by  the  atmosphere, 
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Tint  OF  D/tr 
Fig.  I. — Relations  of  sunlight  and  skylight  on  a  horizontal  surface  on  a  clear  day 

clouds,  haze,  etc.  For  the  sake  of  brevity  the  former  will  be  termed 
"sunlight"  and  the  latter  "skylight."  It  will  be  understood  that 
skylight  will  mean  all  the  light  which  reaches  a  given  point  from  not 
only  the  blue  sky  but  also  from  clouds  and  haze.  If  the  sky  were 
perfectly  clear  and  if  space  were  a  perfect  void  the  illumination  on 
a  horizontal  surface  due  to  direct  sunlight  would  be  proportional 
to  the  sine  of  the  sun's  altitude  and  the  illumination  due  to  skylight 
would  be  zero.  Owing  to  the  scattering  of  light  by  the  atmosphere 
some  skylight  is  always  present.  On  a  clear  day  the  illumination 
on  a  horizontal  surface  due  to  the  sun  roughly  approximates  a  sine 
curve  and  that  due  to  skylight  is  approximately  constant'  for  a 
large  portion  of  the  day. 

'M.  Luckiesh,  Light  mid  Slunk  and  Their  Applications,  1916,  chap.  vii. 
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In  Fig.  I  are  presented  the  results  obtained  at  the  earth's  surface 
on  an  exceedingly  clear,  cloudless  day  in  June  when  the  maximum 
altitude  of  the  sun  was  about  seventy-four  degrees.  The  measure- 
ments represent  illumination  on  a  horizontal  surface.  It  is  seen  that 
the  illumination  due  to  direct  sunhght  throughout  the  portion  of  the 
day  represented  approximates  a  sine  curve.  The  illumination  due 
to  skylight  is  nearly  constant,  although  it  increases  shghtly  with  the 
sun's  altitude.     The  ratio  of  skylight  illumination  to  total  illumina- 
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Fig.  2. — Relations  of  sunlight  and  skylight  on  four  typical  days 

tion  at  noon  is  o.i,  which  represents  about  the  minimum  deter- 
mined at  the  earth's  surface.  This  ratio  generally  decreases  as  the 
sun's  altitude  increases.  As  haziness  increases  the  values  of  total 
illumination  decrease  somewhat  and  those  for  skylight  illumination 
increase  considerably,  with  the  result  that  the  ratio  of  skylight  to 
total  illumination  increases  very  much. 

In  Fig.  I  the  data  represent  the  results  on  an  ideal,  extremely 
clear  and  cloudless  day.  In  Fig.  2  the  ratios  of  skylight  to 
total  illumination^  are  shown  for  four  common  days.  Of  course, 
there  are  many  variations  owing  to  clouds,  haze,  etc.     Many  such 

'  Ibid. 
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records  have  been  made,  but  it  appears  unnecessary  to  present 
examples  in  this  paper;  however,  it  is  well  to  visualize  the  causes 
for  the  extreme  variability  in  natural  Hghting  and  in  the  sky  aspect. 

On  perfectly  clear  days  in  this  country  the  maximum  total 
illumination  on  a  horizontal  surface  at  the  earth  at  noon  varies  from 
about  10,000  foot-candles  in  June  to"  about  3500  foot-candles  in 
January.  According  to  H,  H.  KimbalP  it  is  less  than  the  direct 
solar  illumination  of  a  normal  surface  from  September  to  February, 
inclusive,  but  exceeds  the  latter  from  May  to  August,  inclusive, 
for  a  period  of  from  four  to  eight  hours  in  the  middle  of  the  day. 
On  thinly  overcast  days  when  the  sun  is  just  invisible  the  total 
illumination  is  about  one-half  that  on  a  clear  day  with  the  sun  at 
the  same  altitude.  This  value  decreases  to  one-third  or  one-fourth 
on  thickly  overcast  days  and  occasionally  reaches  a  very  low  value 
during  storms.  According  to  measurements  made  in  various  places 
in  this  country,  on  clear  days  in  summer  the  illimiination  due  to 
skylight  on  a  horizontal  surface  varies  from  one-third  to  one-tenth 
of  the  total  illumination  on  the  same  surface  at  noon,  and  in  winter 
from  one-half  to  one-sLxth.  A  common  value  or  approximate  mean 
for  a  large  part  of  the  year  is  about  one-lifth  for  the  outskirts  of 
Cleveland,  Ohio. 

H.  N.  RusselP  has  grouped  some  of  Kimball's  data^  accord- 
ing to  the  amount  of  skyhght  illumination  and  by  extrapolation  to 
the  zenith  (air  mass  unity)  arrives  at  a  mean  transmission  factor 
of  the  atmosphere  equal  to  0.77  for  15  clear  days.  The  mean 
maximum  intensity  of  sunlight  from  the  zenith  sun  is  found  by 
extrapolation  to  be  9600  foot-candles  (103,000  meter-candles)  for 
these  same  days.  The  skylight  illumination  at  noon  on  these  days 
averaged  1000  foot-candles  approximately.  Assuming  the  above 
value  of  atmospheric  transmission  factor  for  visible  relation, 
Russell  computes  the  illumination  on  a  horizontal  surface  due  to 
zenith  sun  would  be  12,500  foot-candles  (134,500  meter-candles) 
outside  our  atmosphere. 

It  is  interesting  to  plot  Kimball's  value  for  22  days,  which  were 
grouped  by  Russell  in  accordance  with  the  illumination  due  to  sky- 
light alone,  thai  is,  according  to  the  haziness  of  the  weather.  By 
plotting  values  of  skylight  illumination  against  those  for  sunlight 

'MontJtIy  Weather  Review,  42,  648,  1914.        '  Astro  physical  Journal,  43,  127,  1916, 
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illumination  it  is  found  by  extrapolation  that  the  value  for  zenith 
sun  illumination  on  a  horizontal  surface  becomes  about  11,700  foot- 
candles  (126,000  meter-candles)  when  the  illumination  due  to  the 
sky  alone  reaches  zero.  This  appears  to  be  a  method  worthy  of 
consideration  for  determining  the  maximum  possible  illumination 
at  the  earth  that  can  be  expected  from  the  zenith  sun. 

Notwithstanding  the  excellent  work  which  has  been  done,  the 
data  pertaining  to  natural  lighting  are  incomplete.  However,  it  is 
not  the  purpose  of  this  paper  to  discuss  the  foregoing  aspects  or  to 
include  data  pertaining  to  them.  They  have  been  mentioned  in 
order  that  the  reader  may  appreciate  the  variables  involved  in  some 
of  the  values  presented  in  the  sections  which  follow. 

APPARENT  REFLECTION  FACTORS  OF  EARTH  AREAS 

To  apply  the  term  reflection  factor  (commonly  called  reflection 
coefficient)  to  the  earth's  surface  which  has  ''depth"  is  somewhat 
misleading;  however,  as  viewed  from  an  appreciable  distance  above 
the  earth,  this  term  is  not  misapplied  from  a  practical  standpoint. 
The  term  "relative  brightness"  will  be  used  occasionally  and,  unless 
otherwise  stated,  will  mean  the  brightness  relative  to  a  horizontal, 
perfectly  reflecting  and  diffusing  opaque  white  surface  under  the 
same  illumination.  Obviously  the  reflection  factor  of  this  theo- 
retical white  surface  is  equal  to  unity  so  the  values  of  "relative 
brightness"  of  various  earth  areas,  clouds,  sky,  etc.,  are  in  reality 
"apparent"  reflection  factors. 

In  Table  I  values  of  reflection  factor  are  presented  for  various 
characteristic  earth  areas  as  obtained  on  various  days  during  late 
summer.  The  individual  values  are  means  of  many  observations, 
and  a  sufficient  number  of  these  are  presented  to  show  the  consist- 
ency of  the  results.  All  were  made  within  150  miles  (240  km)  of 
Langley  Field  at  Hampton,  Virginia.  Further  comment  on  these 
various  types  of  areas  will  be  found  in  following  sections.  Measure- 
ments, unless  otherwise  stated,  were  made  vertically  downward 
from  the  airplane  and  usually  at  altitudes  from  1000  to  5000  feet 
(300  to  1500  meters).  The  brightness  measurements  were  made 
with  different  types  of  instruments  in  terms  of  the  brightness  of 
a  white  diffusely  reflecting  (or  transmitting)  surface  receiving  the 
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same  illumination.  These  values  were  then  reduced  to  values  in 
terms  of  a  perfect  white.  Obviously  such  measurements  had  to 
be  made  below  the  clouds  when  the  latter  were  present.  Many 
measurements  were  made  at  various  altitudes  up  to  20,000  feet, 

TABLE  I. 

Percentage  of  Relative  Brightnesses  or  Apparent  Reflection  Factors  of 
Various  Types  of  Earth  Areas  during  Late  Summer 

(These  were  determined  in  late  summer  in  eastern  Virginia  within  150  miles  of 
Hampton.  In  all  cases  the  surfaces  were  viewed  from  points  directly  abo\-e  them 
varying  from  an  altitude  of  1000  feet  upward.  The  individual  values  in  the  following 
table  are  means  of  numerous  measurements.  In  some  cases  hundreds  of  measure- 
ments were  made  during  a  single  flight.) 


Date 


Aug.  30,  11: 
Aug.  30,     2: 


00-12:00 
00-  3:00 


Fi^'d^  '  I'aTd"     Woods 


Aug.  31,  11:00-12:00 


Aug.  31,     i: 
Sept.   3,  11: 

Sept.   3, 
Sept.    3, 


00-  2:00 
00-12:00 


:oo-  2:00 
:oo-  4:30 


Sept.   4,  11:00-12:00 


Sept.  6,  11: 

Sept.  7,  i: 

Sept.  9,  11: 

Sept.  9,  2: 

Sept.  10,  9: 


00-12:00 
00-  2:00 
00-12:00 
00-  3:00 
00 


Mean. 


Generally  clear 

Sunny  with  large  clouds  scat- 
tered   

Generally  clear,  some  thin  hazy 
clouds 

Fairly  clear,  some  clouds 

Sunny  with  large  scattered 
clouds 

Generally  clear 

i2S-mile  trip  across  country, 
east  and  south 

175-milc  trip  to  Richmond, 
Petersburg,  and  return 

Overcast  sky 

Clear  day 

Clear  day 

Clear  day 

On  trip  to  Washington  and  re- 
turn   


7.4      10.4 
9-3       10.3 


6.1 


10. 1 
HI 


7-9      15  9 
7.0      19.0 

6.8      17. I 


6.5 
6.7 
6.3 


6.7 
5-2 


6.8 


13-8 
136 


II. 2 
14.2 

8.7 


13.0 


Inland 
Water 


5-7 
9.0 
6.7 

6.2 

6.3 
71 

6.2 

7-4 
91 
7.6 
6.7 
4-4 

S-2 


6.8 


Dense  clouds,  55  to  78  per  cent,  for  upper  sides 
Deep  ocean  water  50  miles  from  shore,  3  .  5  per  cent 

Shadow  of  cloud  on  earth's  surface  is  less  than  i  per  cent  of  the  brightness  of  the 
theoretically  white  surface  receiving  sunlight  and  skylight. 


although  for  earth  measurements  the  ctTect  of  the  low-lying  haze 
was  reduced  to  minimum  by  making  the  measurements  vertically 
downward  and  usually  at  low  altitudes.  Most  of  the  measurements 
were  made  during  the  middle  of  the  day  ixcause  instrumental  errors 
were  less  at   this  time.     However,  no  extensive  dilTerences  were 
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obtained  in  the  results  at  various  times  of  the  day  or  even  on  sunny 
and  overcast  days. 

Owing  to  the  object  of  the  original  work  four  different  t}'pes  of 
surfaces  were  chosen  which  inclusively  represented  the  entire  earth's 
surface  with  the  exception  of  cities,  towns,  and  villages,  which  cover 
a  negligibly  small  portion.  The  data  in  Table  I  are  for  summer 
landscape,  and  the  water  areas  were  entirely  inland  waters  such  as 
Chesapeake  Bay,  Hampton  Roads,  and  rivers  such  as  the  James, 
the  York,  the  Rappahannock,  and  the  Potomac.  Barren  land 
included  plowed  ground  and  waste  land  on  which  there  was  no 
vegetation.     Fields  included  pastures  and  growing  crops. 

Most  of  the  observations  which  are  represented  by  the  foregoing 
mean  values  on  various  days  were  included  in  the  following  ranges : 

Percentage 

Fields 5-10 

Barren  land 10-20 

Woods 3-5 

Water  (inland) 5-10 

Deep  ocean  water 3-5 

A  number  of  flights  were  made  from  Langley  Field  during  the 
middle  of  October  in  order  to  obtain  similar  measurements  for  the 
autumn  landscape.  The  colors  were  those  t}'pical  of  autumn  when 
the  woods  were  variegated  and  the  fields  were  dull  yellow  or  brown. 
These  observations  were  not  as  exhaustive  as  those  recorded  in 
Table  I  and  on  other  pages;  therefore  not  much  stress  is  placed 
on  the  values.  The  average  values  obtained  for  the  apparent 
reflection  factors  or  the  brightnesses  relative  to  a  perfectly  white 
surface  under  the  same  illumination  are  as  follows: 

Percentage 
Fields 6.0 

Barren  land 11. 3 

Woods 4.3 

Water  (inland) 5.5 

The  value  for  water  in  the  foregoing  does  not  include  many 
measurements  of  rivers,  as  is  the  case  in  Table  I.  In  a  later  section 
water  is  discussed  further.  There  is  reason  to  believe  that  the 
apparent  reflection  factors  of  these  earth  areas  are  practically  the 
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same  in  autumn  as  in  summer.  Obviously  there  should  be  no 
difference  in  the  values  for  water.  The  landscape  during  this 
autumn  period  was  decidedly  brownish  and  generally  dull  in  char- 
acter. Few  green  areas  were  present  and  the  woods  displayed  a 
variety  of  tints.  It  is  noteworthy  that  the  landscape  in  general 
appeared  more  dull  and  dead  from  high  altitudes  than  was  expected. 
Although  the  number  of  observations  during  this  autumn  period 
was  limited  to  hundreds  instead  of  thousands  as  in  the  summer 
period,  it  will  be  noted  that  the  results  are  not  widely  dift'erent. 

It  is  interesting  to  note  that  Abbot'  from  energy  measure- 
ments concludes  that  the  albedo  of  a  cloud  surface  is  about  0.65, 
and  after  allowing  for  atmospheric  absorption  computes  the  albedo 
of  the  earth  to  be  0.60  if  it  were  covered  with  clouds,  0.14  if  it 
were  cloudless,  and  0.37  as  matters  actually  are.  These  values 
cannot  be  directly  compared  with  the  values  of  apparent  reflection 
factor  given  in  this  paper,  however.  Abbot's  discussion  of  the 
reflection  factors  of  the  earth  is  interesting,  although  the  data  in 
this  paper  will  probably  modify  some  of  his  estimates.  It  is  inter- 
esting to  compare  the  values  with  certain  quahfications  in  mind. 
For  a  discussion  of  albedo  two  references^  are  recommended. 

L.\XDSCAPE 

During  the  summer  period  in  which  the  observations  whose 
mean  values  are  presented  in  Table  I  were  made,  the  vegetation 
was  predominantly  green,  although  in  a  few  areas  there  was  a  slight 
tinge  of  yellow  common  to  middle  and  late  summer.  There  were 
many  plowed  fields  barren  of  vegetation  and  others  which  were 
not  entirely  covered  by  green  foliage.  In  eastern  Virginia  there  is 
a  great  deal  of  wooded  country  including  wooded  swamps,  so  it 
appeared,  among  other  reasons,  best  to  keep  separate  records  for 
the  different  t\'])es  of  earth  areas.  Furthormoro,  there  are  various 
kinds  of  soil,  so  thai  the  variations  in  the  values  in  Table  I  are  to 
be  expected.  However,  the  consistency  of  the  observations  on 
woods,  water,  and  fields  covered  with  crops  is  surprising. 

The  mean  relative  brightness  or  apparent  reflection  factor  for  a 
landscape  will  depend  upon  the  proportions  occupied  by  the  various 

'  Annals  of  the  Smithsonian  Astrophysical  Observatory,  2,  i6i. 
.   'H.  X.  Russell,  Astrophysical  Journai,  43,  103,  173,  1916;  Louis  Bell,  Ibid.,  45, 
I,  1917. 
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t\pes  of  areas.  Attempts  were  made  to  estimate  the  proportions 
of  different  tjpes  of  areas  present  in  the  landscapes  studied.  This 
could  be  fairly  accurately  determined  for  any  given  locality  by 
cross-country  flights  during  which  a  record  of  time  in  passing  over 
the  various  t\^es  of  areas  could  be  kept.  If  the  airplane  speed  were 
approximately  constant  this  would  give  a  fairly  satisfactor}-  mean 
value  for  the  relative  brightness  or  the  apparent  reflection  factor  of 
the  terrain.  Another  plan  was  to  make  observations  continually 
and  take  the  average  value.  This  was  done  a  number  of  times. 
For  example,  the  mean  value  obtained  during  a  175-mile  trip  from 
Langley  Field  to  Richmond  to  Petersburg  and  return  was  about 
7  per  cent.  However,  it  should  be  noted  that  this  portion  of  the 
country  contained  much  wooded  area  although  the  course  was 
generally  maintained  over  the  more  cultivated  regions. 

Notwithstanding  the  writer's  familiarity  with  brightness  meas- 
urements, the  generally  low  values  obtained  in  this  investigation 
were  surprising.  However,  these  may  be  accounted  for  by  con- 
sidering the  earth's  surface  more  in  detail.  On  looking  down  such 
areas  as  fields,  woods,  etc.,  one  sees  a  mixture  of  highlights  and 
shadows.  ]\Iuch  of  the  area  receives  only  skylight,  which  is  a  small 
part  of  the  total  light  reaching  the  earth  on  sunny  days.  Even  on 
overcast  days  the  shadows  receive  only  a  small  portion  of  the  total 
light  reaching  the  earth's  surface.  Furthermore,  the  trapping  of 
light  is  a  powerful  influence  in  reducing  the  reflection  factor.  For 
example,  a  grass  area  possesses  ''depth''  similar  to  velvet.  Black 
velvet  has  a  very  low  reflection  factor  (about  o .  004) ,  but  ordinary 
blotting  paper  colored  with  the  same  dye  will  possess  a  dift'use 
reflection  factor  of  about  2  per  cent.  The  depth  of  the  velvet 
fiber  provides  light- traps  and  shadows,  with  the  result  that  the 
reflection  factor  as  a  whole  is  much  lower  than  that  of  a  single 
fiber.  In  a  similar  manner  grass  plots,  corn  fields,  plowed  ground, 
woods,  etc.,  provide  light-traps  and  shadows  so  that  the  mean 
brightness  or  apparent  reflection  factor  is  materially  reduced. 

For  example,  let  us  assume  that  the  dift'use  reflection  factor  of 
a  blade  of  grass  is  0.16;  that  the  sun  contributes  0.8  of  the  total 
light;  and  that  the  normal  aspect  of  the  grass  plot  is  one-half 
shadow  and  one-half  highlight.  If  the  brightness  of  the  sky  is 
equal  to  B,  then  the  brightness  of  a  perfectly  white  horizontal 
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reflecting  surface  will  equal  B  due  to  skylight  alone  and  equal  5  B 
due  to  sunlight  and  skylight.  The  brightness  of  the  blades  of  grass 
receiving  both  skylight  and  sunlight  will  be  5  5Xo. 16  =  0.8  B. 
The  brightness  of  the  grass  in  shadow,  assuming  the  shadows  to 
receive  full  skylight  (they  actually  receive  much  less),  will  equal 
0.16  5.  The  mean  apparent  brightness  will  be  equal  to  -^(0.8  + 
0.16)  ^  =  o .  48  ^.     The  mean  apparent  reflection  factor  would  then 

equal  5—,  or  o.i  approximately.     Thus  it  is  seen,  with  these 

5  -D 

assumptions,  the  apparent  reflection  factor  of  the  grass  plot  is 

about   o .  I    notwithstanding   the   fact   that   the   actual   reflection 

factor  of  an  individual  blade  was  assumed  to  be  0.16. 

It  will  also  be  noted  that  the  trapping  of  light  by  virtue  of  the 
"depth''  of  such  a  surface  was  not  considered  in  the  foregoing 
analysis,  and  also  that  the  blades  of  grass  are  oriented  in  all  direc- 
tions. Both  of  these  influences  would  tend  materially  to  reduce 
the  value  of  reflection  factor.  Woods  are  strikingly  dark  owing  to 
these  reasons  and  on  the  whole  these  considerations  prepare  us  to 
expect  a  surprisingly  low  mean  apparent  reflection  factor  of  the 
earth.  Bare  earth  which  has  been  packed  by  rain  and  baked  by 
the  sun  is  conspicuously  brighter  than  the  same  soil  freshly  plowed 
even  after  the  latter  has  dried.  It  is  commonly  noted  that  wet 
dirt  is  darker  than  the  same  dirt  when  dry.  For  example,  a  piece 
of  blotting  paper  which,  when  dry,  reflected  0.74  of  the  incident 
light  reflected  only  0.54  of  the  incident  light  when  wet. 

The  brightnesses  of  all  earth  areas  do  not  vary  much  with  the 
angle  at  which  they  are  viewed.  This  is  not  the  case  with  the 
surface  of  water,  as  will  be  noted  later.  Owing  to  haze  a  pho- 
tometer will  generally  yield  greater  values  for  very  oblique  measure- 
ments than  for  vertical  measurements.  In  making  the  thousands 
of  observations  upon  which  Table  I  is  based  it  is  interesting  to  note 
that  an  overwhelming  majority  of  the  values  of  apparent  reflection 
factor  as  obtained  indiscriminately  over  the  landscape  are  included 
within  a  range  from  ,:5.5  to  10  per  cent. 

Many  attempts  were  made  to  obtain  the  average  relative  bright- 
ness or  reflection  factor  of  landscapes  as  a  whole  by  measuring  the 
ratio  of  the  illumination  of  the  lower  side  of  a  horizontal  surface  to 
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that  of  the  upper  side.  This  measurement  was  anticipated  in 
designing  the  photometer,  but  inasmuch  as  it  was  necessary  with 
this  small  instrument  to  lean  out  of  the  airplane,  the  latter  inter- 
cepted some  of  the  light  reflected  by  the  earth.  Precautions  were 
taken  to  reduce  errors  to  a  minunum  and  the  values  obtained  were 
considered  sufficiently  accurate  for  their  intended  purpose.  They 
were  included  well  within  the  range  from  5  to  10  per  cent.  The 
mean  value  of  the  reflection  factor  of  the  landscapes  as  a  whole 
obtained  in  this  manner  was  slightly  greater  than  the  mean 
obtained  by  weighing  the  values  in  Table  I,  but  it  will  be  noted 
that  the  latter  are  for  perpendicular  viewing  and  that  the  bright- 
ness of  the  landscape  generally  increases  for  oblique  viewing  owing 
to  haze,  to  distant  clouds,  and  to  increased  specular  reflection  from 
water.  It  is  a  simple  matter  to  obtain  the  ratio  of  upward  to 
downward  light  from  an  airplane  by  placing  a  ground  opal  glass 
at  each  end  of  a  long  vertical  tube  and  determining  the  brightness 
of  one  in  terms  of  the  other  by  means  of  an  instrument  between 
them.  This  was  done,  but  inasmuch  as  the  mean  reflection  factor  of 
the  earth  was  of  little  importance  in  solving  the  problems  primarily 
in  mind,  few  readings  were  made.  The  values  of  the  four  t^pes  of 
areas  were  much  more  adaptable  to  the  solution  of  the  primary 
problem. 

CLOUDS 

Some  measurements  were  made  in  the  course  of  these  investi- 
gations in  order  to  establish  the  magnitude  of  the  relative  bright- 
ness or  apparent  reflection  factor  of  clouds.  These  values  vary 
considerably  with  the  character  of  the  cloud,  the  lighting  condi- 
tions, etc.  The  apparent  reflection  factor  of  cumulus  clouds  receiv- 
ing full  skylight  and  sunlight  as  measured  vertically  above  them 
on  various  days  varied  with  the  density  of  the  clouds.  The  mean 
values  of  the  upper  surface  of  clouds,  determined  on  dift'erent  days, 
were  found  to  be  as  follows: 


Ver>'  dense  clouds  of  extensive  area  and  great  depth 

Dense  clouds,  quite  opaque 

Dense  clouds,  quite  opaque 

Dense  clouds,  quite  opaque 

Dense  clouds,  nearly  opaque 

Thin  clouds 

Thin  clouds 


78 
62 

59 
55 
44 
40 
.^.6 
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One  day  when  the  sky  was  very  heavily  overcast  with  the  excep- 
tion of  a  small  rift  which  admitted  the  airplane  with  safety  to  the 
upper  region,  a  great  many  measurements  of  the  brightness  of  the 
upper  surface  of  the  clouds  were  made.  These  observations  were 
made  near  the  sunny  side  of  the  hole  in  the  extended  massive  layer 
of  clouds  and  the  values  of  relative  brightness  obtained  varied  from 
0.7  to  0.8  with  a  mean  of  0.78.  It  was  somewhat  surprising  to 
obtain  these  high  values,  but  they  are  perhaps  accounted  for  by 
mass  effect.  Inasmuch  as  the  upper  side  of  a  cumulus  cloud  was 
found  to  be  six  times  as  bright  as  the  lower  side  we  must  conclude 
that  there  is  a  '"mass"  effect  unless  we  choose  to  conclude  that 
there  is  a  tremendous  absorption.  In  other  words,  great  masses 
of  clouds  can  be  relatively  much  brighter  than  a  purely  dift'using, 
non-absorbing  medium  in  a  thin  layer  which  theoretically  would 
possess  a  transmission  factor  equal  to  0.5  and  a  reflection  factor 
of  the  same  value.  Of  course  white  paint  owes  its  high  reflection 
factor  chiefly  to  body  or  "mass"  effect,  but  the  depth  to  which  the 
light  penetrates  is  very  small.  The  sunlit  surfaces  of  dense  clouds 
as  viewed  from  below  were  found  to  be  commonly  5  to  10  times 
the  brightness  of  the  adjacent  patches  of  clear  blue  sky. 

H.A.ZE 

The  term  "haze''  is  rather  indefinite,  for  it  may  be  taken  to  mean 
any  atmospheric  condition  which  increases  the  brightness  of  the 
sky  (with  the  exception  of  definite  clouds)  or  which  intercepts  light 
in  any  manner.  There  appear  to  be  two  general  t>pes  of  haze. 
One  is  the  smoke  and  dust  haze;  the  other  is  similar  in  appearance 
to  very  thin  diffused  cloud  and  is  ofttimes  perceptible  at  high  alti- 
tudes beyond  which  the  "dust"  haze  is  not  ordinarily  found.  The 
writer  is  not  familiar  with  any  definite  distinction  in  nomenclature 
between  these  different  tvpes  of  haze  but  will  adopt  the  term  "earth" 
haze  for  the  absorbing  smoke  or  dust  haze  in  order  to  distinguish  it 
from  the  vapor  haze,  which  is  less  absorbing  and  which  apparentl\- 
extends  to  much  higher  altitudes  than  the  former.  This  haze  will 
be  termed  "  cloud  "  haze  for  the  present,  but  with  the  understanding 
that  no  definite  cloud  shapes  are  apparent.  Probably  the  classifi- 
cation could  bo  carried  farther  to  the  higher  regions  of  the  atmos- 
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phere  which  account  for  the  deep  blue  sky  beyond  the  heights 
attained  by  cirrus  clouds,  by  supplying  a  distinct  name  for  this 
scattering  of  light  at  extremely  high  altitudes.  During  the  progress 
of  these  investigations  the  earth  haze  extended  ordinarily  to  an 
altitude  of  about  a  mile,  although  on  a  few  occasions  it  extended 
to  altitudes  as  high  as  ii,ooo  feet.  This  haze  is  somewhat  absorb- 
ing, as  is  readily  seen  on  viewing  the  earth  obliquely,  and  is  also 
fairly  luminous.  On  some  days  at  altitudes  of  lo.ooo  to  15,000  feet 
the  sky  appeared  quite  bright  and  unsaturated  in  color.  As  already 
stated,  this  upper  haze  often  appears  to  be  of  the  nature  of  a  very 
thin,  uniform,  dififused  cloud. 

No  very  satisfactory  measurements  of  the  luminosity  of  this 
low-lying  earth  haze  were  obtained  from  above.  Such  an  experi- 
ment requires  a  large,  uniform,  horizontal  area  at  the  earth's  surface. 
However,  a  deep  channel  in  the  Chesapeake  Bay  was  selected  and 
measurements  of  its  brightness  were  made  as  the  airplane  ascended 
over  this  area  from  50  to  10,000  feet.  Unfortunately  the  haze  was 
unusually  thin  and  Kttle  effect  was  detected.  The  greatest  increase 
in  brightness  that  could  possibly  be  accepted  from  the  brightness 
measurements  was  10  per  cent.  Some  measurements  of  the  total 
illumination  upon  the  upper  surface  of  a  ground  opal  glass  at  vari- 
ous altitudes  were  made  without  obtaining  differences  greater  than 
the  possible  experimental  errors  in  this  case.  This  day  was  strik- 
ingly clear  and  cloudless. 

The  earth  haze  which  absorbs  as  well  as  scatters  light  decreases 
the  brightness  of  the  earth,  as  viewed  from  high  altitudes.  Scat- 
tered light  renders  the  haze  luminous  as  viewed  from  above,  which 
brightness  tends  to  offset  the  decrease  in  the  brightness  of  the 
earth.  Mewing  the  matter  in  this  manner  it  appears  possible  that 
the  brightness  of  the  earth  plus  the  haze  as  viewed  vertically  does 
not  vary  appreciably  for  altitudes  as  high  as  10,000  feet  when  there 
are  no  clouds  or  conspicuous  vapor  haze. 

On  another  cloudless  day  similar  measurements  were  made  of  the 
brightness  of  water  at  altitudes  of  20,000  feet.  The  experiment  was 
not  as  definitely  planned  as  the  preceding  one,  so  that  the  measure- 
ments were  less  reliable ;  however,  it  appears  possible  that  the  bright- 
ness of  the  water  areas  increased  as  much  as  25  to  50  per  cent. 
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The  presence  and  the  effect  of  the  earth  haze,  which  ordinarily 
possesses  a  fairly  definite  upper  surface,  is  easily  apparent  to  the 
eye.  The  "false"  horizon  due  to  this  dust  haze  is  clearly  visible, 
often  with  a  few  cumulus  clouds  partially  submerged  in  it  like  ice- 
bergs. Many  of  the  effects  of  air  currents,  the  formations  of  clouds, 
the  operation  of  winds  and  storms,  can  be  viewed  and  studied  so 
easily  from  the  airplane  capable  of  attaining  high  altitudes  that  it 
appears  certain  the  airplane  will  be  utilized  by  the  scientist  in 
studying  these  and  many  other  problems. 

SKY 

During  this  and  previous  work  many  measurements  of  the  sky 
brightness  were  made.  The  brightness  of  the  sky  generally  varies 
from  0.5  to  2  lamberts.  One  lambert  is  a  fair  average  as  deter- 
mined at  the  earth's  surface.  Very  deep  blue  sky  and  dark  over- 
cast skies  are  approximately  of  the  same  brightness.  The  brighter 
skies  are  those  that  are  very  hazy  or  fairly  heavily  overcast.  The 
brightest  sky  is  that  which  is  thinly  overcast.  On  cloudless  days 
the  sky  contributes  from  one-half  to  one-tenth  of  the  total  light,- 
reaching  a  horizontal  surface  at  noon.  The  larger  value  is  usually 
encountered  in  winter,  when  the  altitude  of  the  sun  is  less  than  in 
summer.  Measurements  of  this  value  should  be  for  the  same  alti- 
tude of  the  sun  in  order  to  be  strictly  comparable.  It  is  obvious 
that  as  the  haze  increases,  the  ratio  of  skylight  to  total  light  on 
the  horizontal  surfaces  increases. 

At  low  altitudes  the  sky  is  rarely  so  clear  that  only  one-tenth 
of  the  total  light  which  reaches  the  earth  comes  from  the  sky. 
Many  measurements  of  this  ratio  were  made  at  various  altitudes 
with  the  obvious  results.  It  is  interesting  to  note  in  one  case  that 
at  an  altitude  of  20.000  feet  only  5  per  cent  of  the  total  downward 
light  was  skylight  notwithstanding  the  presence  of  a  few  thin  cirrus 
clouds  at  altitudes  of  about  forty-five  degrees.  The  sun  was  at  an 
altitude  of  perhaps  fifty  degrees,  so  that  when  corrected  to  zenith 
sun  the  value  would  be  nearer  4  per  cent.  On  this  day  at  the 
earth's  surface  the  sky  contributed  about  20  per  cent  of  the  total 
light.  In  other  words,  the  sky  was  not  more  than  one-fourth  as 
bright  when  viewed  from  the  high  aUitudc  as  when  viewed  from 
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the  earth's  surface  on  this  particular  day.  It  was  interesting  to 
note  how  strikingly  dark  the  sky  appeared  and  how  extremely 
harsh  the  lighting  effect.  That  is,  the  shadows  were  noticeably 
very  dark,  especially  if  one  is  used  to  such  observations. 

On  a  very  hazy  but  cloudless  day  measurements  were  made  of 
the  brightness  of  the  zenith  sky  at  altitudes  from  o  to  15,000  feet. 
At  the  high  altitudes  the  sky  was  extremely  free  from  "vapor''  haze 
and  was  very  dark.     In  Fig.  3  are  shown  the  results  obtained  in  the 
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Fig.  3. — Relation  of  sky-brightness  and  altitude  on  a  cloudless  haz}'  day 


morning  and  afternoon  respectively.  The  region  where  the  curve 
flattens  out  indicates  the  altitude  where  the  earth  haze  ends. 
These  regions  are  seen  to  be  at  about  10,000  feet  and  7,000  feet, 
respectively,  for  morning  and  afternoon  on  this  particular  day, 
which  was  an  exceptionally  hazy  one.  Ordinarily  there  would  not 
be  such  a  great  difference  between  the  sky  brightness  as  viewed  from 
the  earth's  surface  and  from  high  altitudes,  although  the  dift'erence 
is  usually  considerable. 

Although  the  brightness  of  clear  sky  is  quite  variable,  it  is  of 
interest  to  know  the  brightnesses  of  various  areas  in  terms  of  the 
sky  brightness  B,  but  these  values  should  not  be  confused  with 
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those  values  of  "relative  brightness"  which  are  in  reaUty  "apparent 
reflection  factors."  The  mean  values  of  many  observations  ob- 
tained on  various  days  for  various  areas  are  presented  in  Table  II, 

TABLE  II 

RELATrv'E  Brightnesses  of  Various  Types  of  Areas 

IN  Terms  of  Clear  Blue  Sky  as  Determined 

Usually  at  Low  Altitltdes 

(Zenith  sky  =  5) 


Woods 

Water 

Fields 

Plowed  or 
Barren  Land 

0.44  B 

0    KZ  B 

I.02B 
.67 
.86 

■36 
•45 
■50 
.40 

■53 

58 
73 
80 

91 

72 

•77 
•93 
.62 

1.08  5 
1. 19 

' 

Mean 0.45  B 

0.71  J3 

0.81  B 

1.145 

Landscape  covered  with  hazy  clouds,  3.55 
Upper  sunlit  sides  of  cumulus  clouds,  5-10  B 
Under  side  of  massive  cumulus  clouds,  1.45 


the  sky  brightness  B  being  unity  in  arbitrary  units.  The  measure- 
ments were  made  simultaneously  and  usually  at  low  altitudes. 
That  is,  the  brightness  of  an  earth  area  relative  to  the  zenith  sky 
was  made  by  comparing  the  two  brightnesses  simultaneously. 

The  values  for  clouds  and  for  water  are  discussed  in  other  sec- 
tions under  their  respective  headings.  It  is  interesting  to  note  that 
the  data  in  Table  II  were  obtained  independently  from  those  in 
Table  I  with  an  instrument  of  a  different  type,  and  in  terms  of  the 
blue  sky  which  varies  from  hour  to  hour  and  from  day  to  day. 
However,  when  reduced  to  the  same  value  for  water  they  compare 
thus: 


Fields 

Barren 
Lands 

Woods 

Water 

Table  1 6.8 

Tablell 7.7 

I3-0 
10.9 

4-3 
4-3 

6.8 
6.8 

This  is  an  excellent  check  when  all  aspects  arc  considered. 
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A  number  of  determinations  of  the  portion  of  the  total  light 
contributed  by  the  sky  on  clear  days  were  made  at  the  earth's  sur- 
face during  this  period.  These  averaged  about  0.16.  In  other 
words,  the  sky  contributed  about  one-sixth  and  the  sun  about  five- 
sixths  of  the  total  Hght  on  the  earth's  surface  for  the  clear  days  of 
this  period  and  in  this  locality.  However,  the  values  varied  con- 
siderably. Let  us  assume  the  mean  sky  brightness  equal  to  B  and 
the  brightness  of  a  perfectly  reflecting  and  diffusing  horizontal  sur- 
face due  to  sunHght  equal  to  5  5.  By  weighing  the  values  of  earth 
brightness  in  terms  of  the  mean  sky  brightness  (which  is  greater 
than  the  brightness  of  the  zenith  sky)  let  us  assume  the  mean  bright- 
ness of  the  earth  equal  to  o  .4  ^.  This  value  is  lower  than  those  in 
Table  II  because  it  is  not  uncommon  for  the  sky  near  the  horizon 
to  be  several  times  brighter  than  the  zenith  sky  brightness.  The 
values  in  Table  II  would  be  considerably  smaller  if  they  were  in 
terms  of  average  sky  brightness.  Based  on  these  facts  and  assump- 
tions, 

RB(s+i)=o.4B 

i?  =  ^  =  o.o66 
o 

where  R  is  the  mean  apparent  reflection  factor  of  the  earth.  This 
is  approximately  the  weighted  mean  arrived  at  by  measurement. 
Inasmuch  as  the  assumptions  cannot  be  far  from  correct  this  serves 
as  an  approximate  check  for  the  data  in  Table  I. 

Some  measurements  at  altitudes  of  10,000  to  20,000  feet  on  a 
clear  day  yielded  the  following  brightnesses  in  terms  of  the  zenith 
sky  brightness  B  \aewed  from  these  altitudes. 

Fields,  etc i.i  B 

Water 1.4  B 

Landscape  covered  with  thin  clouds 3-5  B 

Dense  sunlit  clouds 11.  o  B 

A  mean  of  a  number  of  measurements  at  18,000  feet  indicated 
that  the  lower  horizontal  surface  of  a  perfectly  reflecting  and  dif- 
fusing opaque  object  (reflection  factor  =1)  due  to  light  reflected 
upward  by  the  earth  was  i .  7  times  the  brightness  of  the  zenith  sky 
as  observed  at  that  altitude.     In  accordance  with  the  preceding 


126  M.  LUCKIESH 

computation,  taking  account  of  the  fact  already  stated  that  at  this 

altitude  the  sky  was  of  uniform  brightness  and  contributed  0.05 

of  the  total  light, 

RB  (19+1)  =  1.7  5. 

Therefore  R,  the  mean  apparent  reflection  factor  of  the  earth, 
would  equal  0.085.  Considering  that  the  earth  haze  is  responsible 
for  some  of  the  light  which  reaches  the  lower  horizontal  surface  of 
the  theoretical  perfectly  reflecting  and  diffusing  object,  the  value 
0.085  appears  to  check  well  with  preceding  values. 

Various  observations  of  the  brightness  of  the  lower  horizontal 
surface  of  a  perfectly  reflecting  and  diffusing  object  were  determined 
in  terms  of  the  brightness  B  of  the  zenith  sky.  A  mean  of  observa- 
tions of  this  value  made  at  altitudes  from  7000  to  13.000  feet  with 
a  few  clouds  at  5000  feet  was  found  to  be  o .9  .S.  A  mean  of  obser- 
vations of  this  value  made  on  another  day  at  an  altitude  of  7000 
feet  with  some  clouds  at  5000  feet  (2000  feet  below)  was  found  to 
be  1 .6  .B.  A  mean  of  observations  of  this  value  at  altitudes  from 
10,000  to  18,000  feet  on  a  fairly  clear  day  was  found  to  be  1  .y  B. 
In  these  cases  there  were  no  clouds  directly  below.  The  differences 
in  the  values  presented  above  are  due  doubtless  to  different  bright- 
nesses of  the  sky,  to  clouds,  and  to  various  other  lighting  conditions. 
From  the  mean  of  the  three  mean  values  and  assuming  an  average 
apparent  reflection  factor  of  the  earth  equal  to  0.085  (including  the 
contribution  of  the  haze)  we  compute  that  the  upper  horizontal  sur- 
face of  a  perfectly  white,  opaque  diffusing  object  would  appear  about 
1 2  times  brighter  than  the  lower  surface  of  such  an  object  above  the 
clouds  and  haze  on  a  day  representing  a  mean  of  these  three  days. 

F'rom  the  data  in  Table  I,  assuming  a  mean  apparent  reflection 
factor  of  the  earth  equal  to  0.07,  the  upper  surface  would  be  about 
14  times  brighter  than  the  lower  surface  when  the  opaque  object  is 
a  few  thousand  feet  above  the  earth.  Under  these  conditions  the 
brightness  of  the  lower  side  of  the  opaque  object  would  equal  the 
brightness  of  the  sky  (assuming  it  to  be  uniformly  bright)  on  a 
clear  day  if  the  sky  contributed  one-fourth  of  the  total  light.  This 
latter  condition  is  perhaps  never  obtained  at  very  low  altitudes. 
At  low  altitudes  up  to  5000  feet  the  lower  horizontal  surface  of  a 
perfectly  reflecting  and  diffusing  object  is  usually  only  a  fraction 
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of  the  brightness  of  the  zenith  sky.  It  should  be  noted  that  this 
fraction  increases  with  altitude  due  chiefly  to  the  decrease  in  the 
sky  brightness. 

It  is  interesting  to  note  that  Kimball  and  Thiessen^  obtain 
the  following  ratios  of  illumination  on  a  horizontal  surface  for  clear 
and  smoky  atmosphere: 

Total  illumination  on  smoky  day 


Total  illumination  on  clear  day 

Direct  sunlight  on  smoky  day 
Direct  sunlight  on  clear  day 

Skylight  on  smoky  day 


=  o .  64 
=  0.48 
=  1.64 


Skylight  on  clear  day 

This  shows  how  the  sky  brightness  is  increased  by  the  presence  of 
reflecting  particles. 

WATER 

As  seen  in  Table  I  the  mean  relative  brightness  or  apparent 
reflection  factor  of  inland  waters  as  obtained  by  measurements  per- 
pendicular to  its  surface  was  0.068.  Practically  all  the  values 
obtained  on  dift'erent  days  were  within  the  range  from  0.05  to  o.i 
and  most  of  them  were  close  to  the  mean  value.  If  the  surface  of 
water  is  perfectly  smooth  it  will  reflect  at  its  surface  about  0.02 
of  perpendicularly  incident  light;  in  other  words,  its  brightness  will 
be  0.02  of  the  brightness  of  the  sky  or  clouds  vertically  above. 
This  reflection  factor  varies  only  slightly  with  increasing  angle  of 
incidence  until  about  fifty  degrees  is  reached.  It  begins  to  increase 
more  rapidly  from  this  angle  until  obviously  at  an  angle  of  incidence 
of  ninety  degrees  it  reflects  all  the  light. 

Owing  to  the  fact  that  the  brightness  of  an  area  of  water,  viewed 
from  above,  is  due  partially  to  specular  reflection,  its  brightness  will 
depend  partially  upon  the  brightness  of  the  objects  whose  images 
are  reflected.  These  objects  are  blue  sky,  haze,  clouds,  and  the 
sun;  however,  the  latter  will  be  neglected  in  this  discussion  because 
it  is  a  very  special  case.  It  will  be  seen  in  Table  I  that  the  mean 
value  of  the  relative  brightness  of  water  determined  perpendicularly 
to  its  surface  is  fairly  constant  on  dift'erent  days.  In  fact  this  value 
varies  surprisingly  Httle  for  deep  water  which  would  be  considered 

^Monthly  Weather  Review,  45,  205,  1917. 
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fairly  clear.  An  increased  brightness  is  noted  for  shallow  water  and 
for  w^ater  which  holds  bubbles  or  line  particles  of  solid  matter  in 
suspension.  For  example,  measurements  on  the  James  River  about 
30  miles  from  its  mouth  gave  values  of  o.  10  for  shallow  water  near 
the  shore  and  0.075  i^^  midstream.  The  latter  value  was  very- 
constant  for  its  deep  channel.  Near  Richmond,  where  the  river  was 
very  yellow,  due  to  suspended  particles  of  earth,  the  relative  bright- 
ness rose  to  o .  20,  which  is  very  unusual. 

The  foregoing  values  were  obtained  for  inland' waters  within 
a  radius  of  150  miles  of  Hampton,  Va.,  and  included  Chesapeake 
Bay,  Hampton  Roads,  and  various  rivers.  In  order  to  obtain 
values  of  apparent  reflection  factor  or  relative  brightness  of  deep 
ocean  waters  far  from  shore,  a  trip  over  the  Atlantic  was  arranged. 
A  series  of  measurements  was  made  during  a  six-hour  flight  over 
Hampton  Roads,  Chesapeake  Bay,  through  the  Virginia  Capes 
and  50  miles  to  sea,  at  altitudes  averaging  about  1000  feet.  As 
usual  the  measurements  were  made  approximately  at  normal  inci- 
dence with  the  surface  of  the  water.  The  mean  values  of  apparent 
reflection  factor  follow: 

Percentage 

Shallow  water  in  Hampton  Roads 7.4 

Deep  channel  in  Chesapeake  Bay 4.9 

Atlantic  Ocean  10  to  50  miles  from  land 3.5 

These  represent  means  of  many  observations.  The  lowest  value 
obtained  for  deep  water  far  from  land  was  about  2  per  cent  and  the 
highest  5  . 6  per  cent.  Most  of  the  values  were  confined  to  a  range 
from  3  to  5  per  cent.  Of  course  the  brightness  increased  for  oblique 
angles  of  view  and  varied  with  the  position  of  the  sun. 

The  difference  in  the  hues  of  shallow  turbid  water  and  deep  clear 
water  is  quite  apparent.  When  the  water  is  extremely  shallow  the 
hue  partakes  partially  of  the  color  of  the  bottom.  In  moderately 
deep  inland  waters  which  are  in  motion  and  consequently  more  or 
less  turbid  the  water  appeared  a  dirty  greenish  hue.  The  deep 
clear  ocean  water  is  by  comparison  a  much  purer  blue-green  hue. 

In  Table  III  are  presented  some  values  of  the  brightness  of 
inland  waters  in  terms  of  the  brightness  of  the  zenith  sky.  These 
measurements  were  made  vertically  and  simultaneously. 
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Similar  measurements  were  made  on  one  day  for  deep  ocean 
water  which  resulted  in  values  from  o.  16  to  i  .0  times  the  bright- 
ness of  the  zenith  sky.  This  extreme  range  was  due  largely  to  the 
changing  brightness  of  the  sky  on  this  day.  Early  in  the  day  the 
sky  was  a  clear  deep  blue,  but  gradually  became  more  hazy  and 
finally  was  covered  with  thin  cirrus  clouds. 

TABLE  III 

Relative  Brightnesses  of  Inland  Waters  on  Various^  Days 
Viewed  Perpendicularly,  est  Terms  of  the  Brightness  of 
THE  Zenith  Sky  B  as  Determined  from  Altitudes  up  to 
20,000  feet 


4:30  P.M. 
10:30  A.M. 
10:00  A.M. 

9 :  30  AM . 
2 :  00  p.M . 
1 :  30  p.M . 
1:30  P.M. 


Mean . 


Sunny  day,  large  clouds 

Clear  day 

Clear  day,  some  clouds 

Clear  day,  some  clouds 

Clear  day 

Clear  day,  deep  blue  sky 

Clear  day,  some  clouds,  high  altitude 


58  5 

63 

80 

87 
99 
79 
40 


0.87  S 


From  the  position  of  the  observer  directly  overhead  on  clear 
days  the  surface  of  the  water  reflected  only  images  of  portions  of 
the  blue  sky  regardless  of  the  character  of  the  waves.  Inasmuch 
as  surface  reflection  could  account  for  only  a  small  portion  of  the 
mean  value  in  Table  III,  it  is  obvious  that  most  of  the  brightness 
of  water  is  due  to  Hght  diffused  within  it.  This  is  well  verified  by 
the  presence  of  cloud  shadows  commonly  seen  upon  the  water. 
These  are  especially  conspicuous  in  aerial  photographs  of  water 
areas  when  cumulus  clouds  are  present  to  cast  deep  shadows  and 
are  strikingly  evident  when  the  water  is  viewed  at  an  oblique  angle 
from  high  altitudes. 

In  this  connection  it  is  interesting  to  note  that  some  small  lakes 
and  ponds  are  strikingly  dark  amid  their  surroundings,  sometimes 
appearing  almost  black.  In  fact  these  are  often  the  darkest  areas 
in  a  landscape.  If  a  pool  is  quiescent,  clear,  and  deep,  with  a  porous 
bottom  of  low  reflection  factor  such  as  is  often  the  case,  practically 
the  entire  brightness  is  that  due  to  specular  reflection  from  the  sur- 
face. A  smooth  surface  of  water  reflects  only  about  0.02  of  nor- 
mally incident  light,  and  as  viewed  vertically  its  brightness  due  to 
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surface  reflection  is  only  0.02  that  of  the  zenith  sky.  On  a  clear 
day,  if  the  sky  contributes  only  one-fifth  of  the  total  light,  the 
brightness  of  such  a  quiet,  clear,  deep  pool  (assuming  a  sky  of  uni- 
form brightness)  would  be  only  o .  004  or  o .  4  per  cent  of  a  perfectly 
white  surface.  In  other  words,  under  these  conditions  it  would 
appear  of  about  the  same  brightness  as  a  black  velvet  fabric.  As 
seen  in  Table  I,  inland  water  is  about  as  bright  as  grassy  plots  of 
ground,  which  shows  that  most  of  the  brightness  of  water  is  due 
to  its  turbidity,  that  is,  to  the  light  diffused  within  it.  On  the  fore- 
going assumptions  about  90  per  cent  of  the  brightness  of  water 
viewed  perpendicularly  is  due  to  hght  diffused  within  it. 

Some  values  of  the  brightness  of  areas  of  water  viewed  at  forty- 
five  degrees  in  terms  of  the  brightness  of  the  zenith  sky  varied  from 
1.5  to  3.0.  The  mean  of  the  few  values  obtained  is  about  2.2. 
These  values  varied  considerably  at  any  given  time,  depending 
upon  the  direction  of  observation  with  respect  to  the  sun.  This  is 
one  of  the  reasons  which  led  to  making  practically  all  the  observa- 
tions perpendicularly  to  the  earth's  surface. 

In  such  measurements  as  have  been  presented  in  this  paper,  the 
variabihty  in  natural  lighting,  in  sky  brightness,  etc.,  causes  con- 
siderable uncertainty  in  some  cases.  The  values  of  reflection  factor 
of  earth  areas,  water,  and  clouds  represent  closely  the  true  values 
for  the  summer  landscapes.  The  values  invoking  the  brightness 
of  the  sky  indicate  no  more  than  limits  or  approximate  magnitudes. 
Owing  to  the  variation  in  sky  brightness  an  exhaustive  research 
extending  over  a  long  period  would  be  necessary  in  order  to 
estabUsh  mean  values. 
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Reviews 

The  Binary  Stars.  By  Robert  Grant  Aitkex.  Xew  York: 
Douglas  C.  McMurtrie,  1918.  8vo.  Pp.  xiv+316,  plates  5, 
figs.  12.     $3.15. 

This  volume  is  an  important  addition  to  our  literature  on  stellar 
astronomy.  It  is  especially  welcome  because  written  by  a  man  who  is 
in  a  better  situation  than  anyone  else  for  treating  the  subject.  His 
personal  contributions  to  the  field  covered  by  the  book  are  very  im- 
portant. His  sphere  of  acti\ity  has  been  for  years  one  where  the  newer 
branches  of  double-star  astronomy,  as  developed  by  the  use  of  the 
spectroscope,  have  been  cultivated  successfully  and  intensely.  Through 
these  circumstances  the  different  angles  of  the  subject  have  been 
given  an  adequate  attention  and  the  whole  field  is  covered  in  a  well- 
balanced  way. 

Some  fort}-  years  ago  the  Handbook  of  Double  Stars,  by  Crossley, 
Gledhill,  and  Wilson  (London,  1879),  could  be  considered  as  embodying 
our  essential  knowledge  in  the  field  of  binary  stars  at  that  time.  Nothing 
can  make  us  realize  better  the  progress  made  between  the  publication 
of  this  book  and  the  present  time  than  to  compare  the  Handbook  mth 
Mr.  Aitken's  volume.  How  the  field  has  been  enlarged  I  WTiat  un- 
expected developments  have  come  to  side-lines  of  the  subject  in  the 
meantime  I 

The  first  two  chapters  of  the  book  outline  the  historical  evolution 
of  the  study  of  double  stars.  Beginning  with  the  first  isolated  dis- 
coveries, it  is  followed  by  the  exploring  work  of  the  Herschels  and 
Struves  and  the  standardizing  of  the  visual  methods  of  observing.  Next 
we  come  to  the  startling  discoveries  by  Burnham  in  the  seventies,  the 
extension  of  the  field  of  the  binaries  through  stars  revealed  by  the 
spectroscope  and  those  that  have  become  known  as  eclipsing  variables 
until,  with  the  systematic  survey  of  the  northern  sky  at  the  Lick 
Observatory,  we  arrive  at  the  present  epoch. 

The  author  considers  next  the  technical  side  of  the  observations  of 
visual  binaries  with  the  micrometer.  The  instrument  used  by  him  is 
described  in  detail  and  also  the  methods  of  measuring  that  he  has  prac- 
ticed.    He  strongly  advocates  the  advantages  of  having  only  two  parallel 

131 


132  .  REVIEWS 

wires,  a  fixed  and  a  movable  one,  in  the  field.  In  the  reviewer's  opinion 
Mr.  Aitken  is  going  too  far  when  he  adds,  on  page  41:  "...  .  and 
even  for  comets,  asteroids,  satellites,  or  other  forms  of  micrometric  work 

I  regard  it  as  superior  to  the  more  complicated  forms "     In  the 

case  of  comets  or  asteroids  it  is  generally  not  possible  to  connect  those 
moving  objects  with  a  catalogue  star  by  using  direct  differential  measures. 
Generally  they  have  to  be  referred  to  some  fainter  star  whose  position 
is  found  by  connecting  it  to  a  known  star  by  transits.  Here  the  observa- 
tions with  only  two  wires  are  decidedly  too  slow  as  compared  with  what 
is  done  when  the  micrometer  has  three  or  five  transverse  wires  so  that 
both  co-ordinates  can  be  obtained  simultaneously  with  about  the  same 
accuracy;  this  disadvantage  cannot  be  overlooked  when  we  bear  in 
mind  what  the  author  says  on  page  55 :  "  An  hour  in  the  dome  on  a  good 
night  is  more  valuable  than  half  a  dozen  hours  at  the  desk  in  daylight." 
Also  in  the  determination  of  the  parallel  a  long  transverse  wire  gives 
quicker  and  more  accurate  results  than  the  short  parallel  wires.  In 
turning  oflf  the  illumination  of  the  transverse  wires,  we  can  use  the 
micrometer  for  double-star  work  as  if  there  were  only  two  parallel  wires. 
As  to  the  determination  of  the  value  of  the  re\'olution  of  the  mi- 
crometer screw  (page  43)  we  would  make  this  comment:  One  of  the 
methods  advised  consists  in  taking  transits  of  circumpolar  stars  over 
the  movable  wires  in  successive  positions  in  the  field.  "Theoretically  a 
correction  for  refraction  should  also  be  introduced,  but  if  all  of  the 
measures  are  made  near  the  meridian  this  correction  will  rarely  be 
appreciable."  That  this  correction  is  quite  appreciable  even  on  the 
meridian  can  be  seen  from  the  following  table,  corresponding  to  a  lati- 
tude of  42°. 

Declination  Correction  in  Right  Ascension 

+  20°  I  part  in  4200 

40  I  part  in  3600 

60  I  part  in  2300 

80  I  part  in  1900 

The  corrections  are  fully  of  the  same  order  as  the  corrections  in  decHna- 
tion  as  we  find  them  on  page  47  in  Mr.  Barnard's  measures  of  Electra 
and  Celaeno  taken  aJjout  two  hours  past  the  meridian:  0.020  in  65.57 
Rev.  or  i  in  3300. 

This  same  chapter  condenses  a  great  amount  of  useful  information 
about  the  work  with  the  micrometer.  Every  new  student  in  this  field 
should  carefully  n-ad  the  .sound  remarks  about  the  choice  of  an  observing 
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program,  in  which  Mr.  Aitken  shows  himself  a  worthy  disciple  of 
Mr.  Burnham,  to  whom  he  dedicates  this  book. 

In  chapter  iv  we  find  the  problem  of  computing  double-star  orbits 
clearly  set  forth.  No  original  views  are  presented  but  the  more  generally 
used  methods  are  made  very  plain.  Graphical  methods  are  considered 
more  especially  in  detail  and  a  numerical  example  of  an  application  of 
the  Glasenapp-Kowalsky  method  is  given  as  an  illustration  of  the  deter- 
mination of  a  prehminary  orbit,  that  of  the  rapid  binary  A  88  with  a 
period  of  but  12  years.  When  the  observing  material  justifies  it,  a 
further  approximation  is  obtained  by  differential  corrections.  No  men- 
tion is  made  here  of  Doberck,  who  does  away  with  the  complicated 
analytical  expression  for  the  differential  coefficients  but  finds  these  by 
changing  arbitrarily  the  successive  elliptic  elements  and  computing  the 
representation  of  the  normal  observations.  He  computed  tables  for 
this  many  years  ago  giving  the  values  of  the  true  anomaUes  and  radii 
vectores  in  function  of  the  mean  anomalies  for  different  values  of  e;  these 
tables,  which  are  much  handier  than  Astrand's,  giving  eccentric  anomalies 
to  which  the  author  refers  (p.  74),  have,  however,  been  superseded 
recently  by  the  so-called  Allegheny  tables  whose  importance  cannot  be 
overestimated  by  the  double-star  computers.  Since  these  are  at  hand 
no  computer  should  go  any  longer  to  the  trouble  of  calculating  the 
analytical  formulae  for  the  differential  coefficients. 

Further  paragraphs  are  devoted  to  the  special  cases  in  the  orbits: 
the  case  of  an  orbit  inclined  at  90"  so  that  the  apparent  oscillating  motion 
is  rectiUnear,  with  an  original  contribution  of  F.  R.  Moulton  (p.  96)  on 
the  subject;  the  case  of  an  apsidal  line  coinciding  with  the  nodal  line, 
as  treated  by  H.  N.  Russell  (p.  99) ;  the  systems  where  only  one  com- 
ponent is  visible,  and,  finally,  the  case  of  rectihnear  motion. 

The  next  chapter,  written  by  J.  H.  Moore  of  the  Lick  Observatory, 
gives  with  regard  to  the  spectroscopic  binaries  what  the  first  part  of  the 
book  has  brought  in  regard  to  the  visual  ones.  To  find  these  two  fields 
brought  so  closely  together  and  treated  as  far  as  possible  along  parallel 
lines,  will  be  gratifying  to  most  readers.  x\fter  explaining  the  principle 
of  the  Doppler-Fizeau  method,  Mr.  Moore  discusses  the  instrumental 
devices  that  are  necessar>'  for  bringing  the  spectrograms  to  the  high 
standard  that  they  have  reached  in  a  relatively  small  number  of  years, 
and  also  the  methods  used  in  measuring  and  reducing  the  spectra.  A 
plate  giving  some  tx-pical  spectra  is  found  on  p.  114,  but  some  readers 
will  miss  an  indication  of  wave-length  of  the  principal  lines. 
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Chapter  vi  corresponds  for  the  spectroscopic  binaries  to  chapter  iv 
for  the  visual  ones.  Mr.  Aitken  gives  here  the  methods  generally  used 
in  computing  the  orbits  and  the  many  new  ones  that  have  been  proposed 
in  recent  years.  The  principal  method  is  again  illustrated  by  a  numerical 
apphcation  to  «  Velorum. 

The  stars  where  the  binary  character  is  found  from  periodic  variations 
of  the  apparent  brightness  are  dealt  with  in  chapter  vii.  Mr.  Aitken  fol- 
lows closely  the  theoretical  investigation  of  the  problem  as  it  was  worked 
out  by  H.  N.  Russell  and  applied  with  great  success  by  H.  Shapley 
to  the  large  number  of  stars  already  found  in  this  class.  The  principal 
numerical  tables  used  in  Russell's  work  are  reprinted  here  so  that  it  is 
not  necessar}'  to  refer  to  the  original  memoir  for  using  the  method.  Here 
also  we  find  a  numerical  illustration,  that  of  the  well-known  Algol  star, 
W  Delphini.  No  description  is  given  of  the  instruments  or  methods 
used  in  observing  these  eclipsing  binaries.  This'  subject  would  cover 
the  whole  field  of  astronomical  photometry  for  which  there  is  already  an 
abundant  literature. 

With  chapter  viii  we  come  to  the  second  part  of  the  book  and  the 
discussion  of  the  facts  that  have  been  collected  in  the  various  ways 
described  in  the  first  part.  The  valuable  list  of  orbits  for  spectroscopic 
binaries  (137)  as  well  as  visual  binaries  (87)  tabulated  at  the  end  of  the 
volume  forms  the  basis  of  this  investigation.  The  close  relations  between, 
the  length  of  the  periods,  the  size  of  the  systems,  and  the  degree  of 
ellipticity  of  the  orbits  are  clearly  brought  out.  The  preference  of  the 
binaries  for  certain  spectral  classes  is  another  striking  feature:  the  visual 
ones  clustering  in  class  G,  the  spectroscopic  just  as  decidedly  in  classes 
B  and  A,  and  also  the  increasing  masses  of  the  systems  as  we  come  to 
earlier  types. 

Next  the  author  considers  individually  a  selection  of  stars  that  are 
interesting  from  different  points  of  view.  The  history  of  such  stars  as 
a  Centauri,  Sirius,  Polaris,  Algol,  etc.,  is  always  full  of  interest  and  the 
author  has  made  this  chapter  ix  one  of  the  most  attractive  for  reading. 

In  chapter  x,  as  a  result  of  the  systematic  survey  of  the  northern  sky, 
recently  completed  by  the  author,  he  discusses  in  a  statistical  way  the 
number  and  distribution  of  the  visual  doubles.  The  main  conclusion, 
that  at  least  i  in  every  18  of  the  stars  north  of  the  equator  that  are  at 
least  as  bright  as  g^'o  in  the  BD  is  a  close  double  in  the  36-inch  telescope, 
has  already  been  announced  previously  by  the  author.  It  is  supple- 
mented bv  the  fact  that  close  visual  double  stars  are  relativelv  more 
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abundant  in  the  Milky  Way.     Many  other  facts  in  connection  with  the 
spectral  t\^es  are  also  discussed  here. 

The  final  chapter  is  devoted  to  the  cosmogonic  theories  that  have 
been  proposed  for  explaining  the  formation  of  so  many  binary  stars:  the 
capture  theory,  the  fission  theory,  and  the  theory  of  independent  nuclei. 
Each  of  these  hypotheses  explains  a  certain  number  of  the  facts  that 
have  been  estabUshed  by  the  study  of  double  stars.  But  none  of  them 
is  entirely  satisfactory  when  all  the  facts  are  considered.  It  is  very 
difficult  to  decide  yet  in  favor  of  one  of  these.  In  the  opinion  of  the 
author,  the  fission  theory  would  perhaps  lead  to  the  most  natural  explana- 
tion of  the  observed  facts. 

To  co-ordinate  in  one  comparatively  small  volume  such  a  large 
variety  of  hnes  of  research  was  not  an  easy  task.  Mr.  Aitken  must 
be  congratulated  for  doing  it  so  successfully  and  for  having  presented 
the  subject  in  such  an  attractive  way. 

G.  Van  Biesbroeck 

Yerkes  Observatory 


EDWARD  CHARLES   PICKERING 

With  the  deepest  regret  we  record  the  death  on  February  3, 
1919,  of  Edward  Charles  Pickering,  in  the  seventy-third  year  of 
his  hfe  and  the  forty-second  year  of  his  imperishable  service  to 
science  as  director  of  the  Harvard  Observatory. 

He  had  been  associated  with  this  Journal  as  Collaborator  since 
its  foundation. 

A  biographical  sketch  will  appear  in  a  later  number. 
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A  PHOTO-ELECTRIC  DETERMINATION  OF  THE 

BRIGHTNESS  OF  THE  CORONA  AT  THE 

ECLIPSE  OF  JUNE  8,  1918 

By  JACOB  KUNZ  axd  JOEL  STEBBINS 

A  general  account  of  the  eclipse  expedition  to  Rock  Springs 
from  the  University  of  Illinois  has  been  given  in  Popular  Astronomy, 
26,  665,  1 918.  It  was  our  purpose  to  secure  accurate  measures  of 
the  light  of  the  corona  as  it  affects  a  photo-electric  cell,  which  if 
successful  would  form  the  basis  of  further  studies  of  the  corona 
at  subsequent  eclipses,  an  excellent  opportunity  for  which  is  prob- 
ably coming  in  1923.  A  glance  at  the  results  of  photometric  work 
at  past  eclipses  shows  a  curious  discrepancy  between  the  work  of 
different  investigators,  and  the  reported  values  of  the  coronal  light 
indicated  either  a  great  change  between  one  eclipse  and  the  next, 
or  that  the  methods  and  instruments  used  were  so  different  that 
it  is  doubtful  whether  the  observers  were  all  measuring  the  same 
thing.  It  was  also  true  that  in  most  cases  the  photometry  of  the 
eclipse  was  only  an  incidental  feature  of  the  program,  and  no  great 
effort  was  made  to  get  the  best  possible  results.  For  these  reasons 
it  seemed. to  us  that  it  would  be  worth  while  to  devote  our  entire 
energies  to  measuring  the  total  light  of  the  corona,  and  the  use  of 
the  photo-electric  cell  promised  distinct  advantages  over  visual  or 
photographic  methods. 
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Tests  made  some  months  in  advance  indicated  that  several 
photo-electric  cells  which  we  had  on  hand  would  give  satisfactory 
measures  of  lights  as  faint  as  the  crescent  moon,  an  illumination 
at  the  cell  equal  to  only  a  few  hundredths  of  a  candle-meter. 
These  measures  were  possible  with  a  d'Arsonval  galvanometer  of 
no  great  sensitivity,  and  it  seemed  probable  that  the  corona  would 
be  bright  enough  to  be  measured  with  such  equipment  as  we  could 
set  up  at  a  temporary  station,  far  from  the  con\eniences  of  a 
laboratory. 

Our  procedure  was  to  expose  a  photo-electric  cell  directly  to 
the  corona  at  the  time  of  totality,  and  compare  the  galvanometer- 
deflection  then  obtained  with  the  deflection  caused  by  standard 
lights  at  known  distances  before  and  after  the  eclipse.  As  the 
cell  was  constant  in  its  action  and  would  give  the  same  current  for 
the  same  light  for  several  days  in  succession,  there  was  no  need  for 
manipulating  the  lamps  during  the  precious  seconds  of  totality. 
It  w^as  also  proposed  to  compare  the  corona  with  the  moon,  which 
would  serve  as  a  permanent  standard  of  light,  and  also  with  a 
definite  area  of  the  sky  both  during  the  eclipse  and  in  full  sunshine. 
This  last  comparison  would  give  some  estimate  of  the  possibility 
of  using  the  photo-electric  cell  in  attempts  to  detect  the  corona 
without  an  eclipse. 

Each  of  the  photo-electric  cells  which  we  ordinarily  employ 
has  a  glass  bulb  of  about  25  mm  diameter,  and  as  the  sensitive 
surface  covers  nearly  a  hemisphere  we  may  take  a  circular  area  of 
25  mm  diameter  as  the  portion  sensitive  to  light.  The  two  cells 
actually  used,  however,  had  a  diameter  of  40  mm  and  were  mounted 
in  exactly  the  same  way  in  two  similar  tubes,  which  made  a  double- 
barreled  arrangement.  Each  cell  was  placed  in  a  box  with  a 
25-mm  circular  opening,  which  was  central  at  the  end  of  a  tube 
100  mm  in  diameter  and  about  122  cm  long.  At  the  upper  end 
of  this  tube  there  was  a  diaphragm  89  mm  in  aperture,  which  was 
at  an  effective  distance  of  127  cm  from  the  sensitive  cell.  From 
these  dimensions  it  follows  that  any  point  on  the  cell  was  illuminated 

4-4S 
by  a  circle  of  sky  with  radius  =  arc  tan        '  =  2?o.     It  also  may  be 

derived  that  the  clear  field  of  the  apparatus  was  3°  in  diameter, 
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which  was  enough  to  include  all  of  the  corona  and  to  allow  for  the 
diurnal  motion  during  the  minute  and  a  half  of  totality.  It  was 
therefore  unnecessary  to  provide  any  driving  arrangement,  and  the 
tubes  were  simply  pointed  at  the  sun's  position  at  the  middle  of  the 
eclipse.  A  series  of  diaphragms  were  inserted  at  intervals  of  15  cm 
in  each  tube,  carefully  arranged,  so  that  no  part  of  the  cell  would 
receive  light  from  the  side  of  the  tube. 

The  twin  tubes  were  fastened  to  an  equatorial  mounting,  two 
stops  provided  in  declination,  which  allowed  just  8°  motion.  Dur- 
ing totality  the  tubes  were  turned  back  and  forth  from  the  sun  to 
the  sky  8°  north,  which  was  ample  to  take  the  corona  safely  out  of 
the  field. 

Each  cell-box  was  readily  detached  from  its  tube  and  could  be 
placed  on  a  photometer  bench  for  measures  of  the  standard  lamps. 
No  lenses  or  windows  of  any  kind  were  interposed  between  the  cell 
and  the  light-source  to  be  measured,  though  of  course  there  was  the 
glass  wall  of  the  cell,  which  cannot  be  eliminated. 

The  photometer  bench  at  the  station  was  a  rack  fastened  to  the 
side  of  the  building,  and  the  distance  from  light  to  cell  could  be 
varied  from  i  to  3  meters.  Between  the  light  and  the  cell  was  a 
set  of  telescoping  tubes  with  proper  diaphragms,  which  kept  out  all 
stray  light. 

For  source  of  potential  for  the  photo-electric  cells  we  used  some 
seventy-five  small  flash-light  batteries  of  three  cells  each,  giving  a 
total  of  about  300  volts.  These  commercial  batteries  are  quite 
good  enough  for  many  testing  purposes,  and  we  prefer  them  to 
storage  cells,  which  require  constant  attention.  For  the  needs  at 
the  temporary  station  they  served  the  purpose  admirably. 

Altogether  we  had  four  galvanometers  available,  three  of  Leeds 
&  Northrup  and  one  by  Weston.  The  two  definitely  used  were  a 
Leeds  &  Northrup  Type  R  instrument  with  a  constant  of  6Xio~^'* 
amperes  for  i  mm  deflection  at  i -meter  scale-distance,  and  the 
other  with  a  similar  constant  of  2X10"'"  amperes.  As  used  with 
damping  shunts,  the  times  to  secure  full  deflection  were  6  and  10 
seconds  respectively.  Each  galvanometer  has  a  plane  mirror  and 
was  used  with  a  view  telescope  and  scale  at  2  meters.  The  circuit 
for  each  cell  consisted  simply  of  the  battery,  photo-electric  cell, 
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galvanometer,  and  a  guard  resistance  of  100,000  ohms,  all  con- 
nected in  series.  Exposure  of  the  cell  to  light  gives  the  current  to 
be  measured,  and  the  high  resistance  in  circuit  obviates  the  danger 
of  spoiling  a  cell  by  too  high  a  potential.  The  critical  or  glowing 
voltage  of  a  cell  is  some  ten  volts  higher  in  the  dark  than  in  a  strong 
light. 

Various  investigators  have  had  difficulty  with  a  non-linear  rela- 
tion between  light  and  current  for  the  photo-electric  cell.  One 
of  us  has  already  shown'  that  for  our  cells  the  current  is  very  nearly 
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Fig.  I. — Calibration  of  photo-electric  cell 


proportional  to  the  light,  and  for  faint  sources  like  the  stars  this  is 
especially  the  case.  We  give  herewith  the  calibration  of  the  cell, 
which  was  made  on  June  8  shortly  after  the  eclipse,  and  which  was 
actually  used  for  determining  the  light  of  the  corona.  In  Fig.  i 
the  intensities  are  on  the  basis  of  the  inverse  square  of  the  distance 
from  lamp  to  cell. 

The  color-sensibilities  of  photo-electric  cells  have  not  been 
thoroughly  studied  in  general,  but  we  have  definite  results  for  the 
potassium  cell  which  was  used  at  the  eclipse.  Fig.  2  shows  the 
curve  as  determined  by  Mr.  T.  Shinomiya  in  our  physics  laboratory. 
The  energy  of  the  beam  of  light  which  alTected  the  cell  was  measured 
with  a   thermo-couple,  and   the  results  are  all  reduced  to  equal 

'  Aslropliysical  Joiinml,  45,  69,  1917. 
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energies.  The  curve  is  not  yet  complete  in  the  ultra-violet,  as 
the  energy  becomes  so  small  as  to  require  a  more  sensitive  arrange- 
ment for  its  measurement.  From  rough  measures  and  various 
considerations  we  know  that  this  cell  is  very  insensitive  to  radiation 
of  wave-length  shorter  than  4000  A,  and  the  effective  maximum 
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Fig.  2. — Color-sensibility  curve  of  a  potassium  photo-electric  cell 


sensibility  of  the  cell  is  therefore  toward  the  red  from  the  maxi- 
mum of  the  ordinary  unstained  photographic  plate.  The  "color- 
equation"  of  the  potassium  cell  used  in  our  stellar  photometry  is 
0.86  magnitude. 

Our  main  reliance  for  a  standard  of  light  was  an  amyl-acetate 
candle,  or  Hefner  lamp,  the  same  as  used  by  Stebbins  and  Brown 
in  measures  of  the  light  of  the  moon  by  means  of  a  selenium  cell.^ 

^  Astrophysiail  Journal,  26,  326,  1907. 
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The  wick  is  of  8  mm  diameter,  and  the  height  of  the  flame  is 
regulated  to  40  mm.  The  amyl  acetate  was  purified  by  distillation 
between  137°  and  143°  C.  Although  this  candle  is  much  more 
troublesome  to  use  than  a  low-voltage  electric  lamp,  nevertheless 
it  is  easy  to  reproduce  after  a  long  period  of  time,  and  seems  to  be 
the  best  source  to  rely  upon  for  comparisons  of  the  corona  at 
different  eclipses.  No  measures  were  taken  with  the  candle  unless 
it  had  been  burning  for  some  time,  preferably  for  half  an  hour. 

VVe  also  had  two  electric  pyrometer  lamps,  secured  from  the 
Nela  Research  Laboratory,  which,  although  not  designed  for  this 
kind  of  work,  served  very  well  for  tests  and  calibrations  of  the 
photo-electric  cells  and  as  checks  upon  the  standard  candle. 
Another  lamp,  which  had  been  calibrated  and  sent  to  us  by  the 
Bureau  of  Standards,  was  unfortunately  burned  out  by  accident 
before  we  had  used  it  at  the  station. 

Since  much  of  the  preliminary  work  was  experimental,  we  shall 
give  only  the  intercomparisons  of  the  lamps  which  were  made  at  the 
station,  as  these  were  under  the  exact  conditions  at  the  time  of 
the  eclipse.  The  electric  lahips  are  designated  by  Ni  and  X^, 
require  about  4  volts,  and  each  was  burned  at  0.60  ampere,  as 
determined  with  a  precision  ammeter.  The  comparison  of  the 
lamps  with  the  candle  by  means  of  the  potassium  cells  gave  the 
ratios  presented  in  Table  I.  We  adopt  0.93  candle-power  for  Xi 
as  measured  by  a  potassium  cell,  while  the  light  of  X^^  was  o.yg 
that  of  Xj.  As  far  as  accidental  errors  arc  concerned,  these 
measures  are  quite  satisfactory,  but  we  have  not  made  an  exhaus- 
tive study  of  the  candle  at  widely  different  dates.  For  the  elec- 
tric lamps,  N,  and  N^,  the  measures  were  really  only  a  check  upon 
the  readings  of  the  ammeter,  as  a  small  change  in  the  current  was 
as  readil)'  determined  by  the  light-effect  shown  by  the  galvanometer 
as  by  the  motion  of  the  ammeter  needle.  We  e.xpect  to  keep  all 
of  these  standards  of  light  for  the  next  eclipse. 

We  were  able  to  compare  our  candle  with  an  electric  lamp  which 
Mr.  Parkhurst  brought  over  from  Green  River  to  our  station  on 
June  5.  Measured  with  cell  K113  his  lamp  at  5.4  volts  gave 
10.4  candles,  as  compared  with  the  Bureau  of  Standards  visual 
tests,  which  gave  4.65  candles  at  the  same  voltage.     The  differ- 
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ence  is  due  to  the  filament  of  this  electric  lamp  being  much  whiter 
than  the  amyl-acetate  flame,  and  the  blue-sensitive  photo-electric 
cell  naturally  gives  a  higher  value  than  the  eye  does  when  a  white 
light  is  expressed  in  terms  of  a  yellow  one. 

TABLE  I 
Comparison  of  Lamps,  Cell  K113 


Date 

N./Candle 

Residual 

Date 

NVN. 

Residual 

June  4 

June  6 

June  8 

June  9 

0 

92 

93 
92 

93 
93 
92 
94 
96 
93 
92 

—  O.OI 

.00 

—  .01 
.00 
.00 

—  .01 
+    .01 
+      03 

.00 

—  .01 

June  6 

June  8 

June  9 

Mean . . . 

0 

78 
79 
79 
78 
78 
78 
80 
79 
79 
80 

—  O.OI 

.00 
.00 

—  .01 

—  .01 

—  .01 
+    .01 

.00 

.00 

+    .01 

!Mean . . . 

0-93 

=fco.oo8 

0.79 

±  0 . 006 

Comparison  of  Lamps,  Cell  Ks9 


N./Candie 

N,/N, 

June  9 

0.94 
0.92 

0.80 
.80 
80 

.80 

Mean 

0.93 

0.80 

The  program  during  totality  provided  for  a  first  exposure  to 
the  corona  and  sky  background,  then  to  the  sky  8°  north  of  the 
sun,  back  to  the  corona,  and  so  on,  with  one  stop  to  check  the  zero 
of  the  galvanometer.  As  full  galvanometer  deflection  was  secured 
in  ten  seconds  or  less,  it  was  convenient  to  take  readings  every  ten 
seconds,  and  the  photometer  tubes  were  moved  at  each  count  of 
ten  and  then  left  undisturbed.  The  metronome  used  for  timing 
was  regulated  to  beat  100  times  in  the  95  seconds  of  totality,  and 
we  thus  got  in  ten  counts  of  ten  each,  the  half-second  lost  in  each 
ten  being  unnoticed.  The  start  at  second  contact  was  probably 
quite  accurate,  as  the  sun  reappeared  within  one  second  of  the 
hundredth  count. 


144  JACOB  KiXZ  AXD  JOEL  STEBBINS 

The  exposures  to  the  sky  8°  north  of  the  sun  required  that  there 
should  be  no  clouds  in  that  direction,  and  we  were  very  fortunate 
in  that  the  clear  space  just  before  totality  came  from  the  northwest, 
and  during  the  critical  time  the  sky  was  perfect  for  our  purpose. 
It  would  have  been  impossible  to  change  at  the  last  minute  and 
turn  the  instrument  in  any  direction  but  north.  As  very  little  of 
the  sky  illumination  during  a  total  eclipse  comes  from  the  corona, 
it  is  safe  to  consider  the  sky  background  close  to  the  sun  to  be  the 
same  as  at  some  distance  away. 

The  two  cells  which  were  to  be  used  were  the  potassium  cell, 
K113,  in  a  circuit  of  moderate  sensitiveness,  and  a  rubidium  cell 
which  had  a  voltage  applied  almost  up  to  the  glowing-point,  so 
as  to  get  the  maximum  effect.  A  false  start  just  before  second 
contact  flashed  the  rubidium  cell,  and  it  could  not  be  brought 
back  into  adjustment  in  the  short  time,  so  that  this  half  of  the 
program  was  lost.  The  safe  side  of  the  combination  worked  per- 
fectly, however,  and  Mr,  Kunz  found  that  the  readings  were  made 
with  perfect  ease.  Our  advance  estimate  was  that  the  initial 
deflection  from  the  corona  plus  sky  background  would  be  5  scale- 
divisions  with  the  potassium  cell  and  12  with  the  rubidium.  We 
were  prepared  to  observe  deflections  say  ten  times  smaller  and  up 
to  fifty  times  larger  than  the  estimate,  and  we  felt  safe  that  the 
readings  would  not  go  off  the  scale.  The  actual  result  was  a  deflec- 
tion of  ^^  divisions  with  the  potassium  cell,  or  nearly  seven  times 
the  amount  estimated. 

Table  II  gives  the  readings  and  results  during  the  eclipse.  In 
the  first  column  are  the  times  of  reading,  counting  100  to  the  dura- 
tion of  totality.  The  second  column  is  self-explanatory.  The 
readings  in  the  third  column  are  just  as  they  were  put  down  at  the 
time,  the  observer  noting  afterward  that  where  no  tenths  were 
recorded  the  whole  di^•ision  was  exact  within  one-  or  two-tenths. 
These  readings  show  a  gradual  shift  of  the  zero  from  90.0  to  89.5 
during  the  course  of  the  measures,  and  this  has  been  allowed  for 
in  the  deflections  in  the  next  column.  This  would  have  been  called 
a  large  shift  of  the  zero  under  the  preliminary  conditions,  but  alto- 
gether it  was  fortunate  that  nothing  worse  came  up  during  totality. 
The  fifth,  sixth,  and  seventh  columns  were  derived  from  the  calibra- 
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tion  shown  in  Fig.  i,  where  the  four  deflections  from  the  corona 
and  sky,  also  the  sky  alone,  are  marked  on  the  curve.  Consider- 
ing the  first  deflection  of  33.0  divisions,  it  is  found  that  this  cor- 
responded to  an  illumination  of  0.682,  the  unit  being  the  light 
from  Xi  at  i  meter.  Subtracting  the  sky  effect  of  0.072  in  the 
same  unit,  we  have  the  corona  equal  to  0.610  of  Nj  at  a  meter. 
Multiplying  this  by  0.93  and  rounding  off  one  place  we  get  0.57 
candle-meters  for  the  corona. 

TABLE  II 
Observations  during  Totality 


Time 

Exposure  to 

Galva- 
nometer 
Reading 

Deflection 

Unit  = 

Corona -|- 
Sky 

Ni  at  I  Meter 

«;if«^         Corona 
^''y          Alone 

Corona  in 
Candle- 
Meters 

0.  .  . 

Dark 

Corona -f  Sky 

Sky 

Corona -f- Sky 

Sky 

Corona -|- Sky 

Dark 

Sky 

Corona + Sky 

Sky 

Dark 

div. 

90 
123 

93 
125 

93 
124 

89.8 

92.8 
126 

93-2 

895 

div. 

0.0 
330 

31 
35   I 

31 
34-2 

0.0 

3i 
3^-3 

3-6 

0.0 

10.  .  . 

20.  .  . 

0.682 

0.072 

0.610 

057 

30-  •  • 
40.  .  . 
50.  .  . 
60 .  .  . 

0.723 

0.072 

0.651 

0.61 

0.705 

0.072 

0.633 

0.59 

70... 
80.  .. 
90.  .  . 

TOO 

0.746 

0.077 

0.669 

0.62 

Mean 

0.60 

The  differences  between  the  four  values  in  the  last  column  are 
considered  to  be  real,  but  we  are  unable  to  say  with  certainty 
whether  or  not  the  variation  is  due  to  the  motion  of  the  moon  over 
the  inner  corona  and  chromosphere.  From  the  report  of  our  assist- 
ants, who  were  in  the  open,  there  was  absolutely  no  haze  near  the 
sun  during  totality,  so  we  think  it  improbable  that  the  differences 
are  due  to  variable  transparency  of  the  atmosphere.  As  photo- 
metric measures  go,  however,  the  measures  agree  well  enough,  with 
a  range  of  less  than  10  per  cent.  If  it  had  been  possible  to  carry  out 
our  complete  program  we  should  have  had  eight  readings  on  the 
corona  instead  of  four,  and  these  slight  variations  would  have 
been  checked;  but  for  the  mean  value  in  candle-meters  the  four 
readings  are  quite  sufficient. 
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We  may  now  consider  additional  comparison  measures  which 
were  made  at  the  station  before  and  after  the  eclipse.  It  was 
intended  to  take  a  long  series  of  readings  on  the  brightness  of  the 
sky  as  the  eclipse  came  on,  but  the  presence  of  clouds  prevented 
this.  We  did  obtain,  however,  a  few  exposures  to  the  clear  sky 
shortly  after  first  contact.  With  an  aperture  of  4.57  mm  at  the 
upper  end  of  the  photometer  tube,  the  potassium  cell  was  exposed 
at  G.M.T,  io''i6™  to  the  sky  8°  north  of  the  sun.  The  mean  of 
several  deflections  was  47.2  divisions,  as  compared  with  31.5 
divisions,  the  average  deflection  from  the  corona.  For  this  purpose 
we  may  assume  a  linear  relation  between  light  and  current.  It 
is  convenient  to  reduce  the  sky  measure  to  that  of  a  circle  of  ^° 
diameter,  and  a  factor  0.93  is  introduced  because  about  7  per  cent 
of  the  sun's  disk  was  covered  by  the  moon  at  the  time  of  measure- 
ment.    We  have  then 

Corona  _  3^-5/    °-457    \^_ 

Sky  circle  1°  diameter  47  .  2x127  tan  5°/  ^' 

or  the  corona  gave  one-tenth  the  light  of  an  area  of  daylight  sky 
of  the  apparent  size  of  the  sun  and  8°  distant.  This  refers  to  the 
Wyoming  sky,  which  was  clear  and  blue  at  the  time,  and  the  alti- 
tude of  the  station  was  about  6500  ft.  above  sea-level. 

From  the  readings  in  Table  II  the  4°  circle  of  sky  gave  a  deflec- 
tion of  3 . 1  divisions,  or  one-tenth  the  eftect  of  the  corona.  Redu- 
cing to  a  circle  of  ^°  diameter,  this  makes  the  corona  640  times  as 
bright  as  that  area  of  the  sky  during  totality.     It  follows,  therefore, 

that  the  sky  intensity  was  reduced  =  6100-fold  bv  the  moon's 

•^  "^  0.105 

shadow.     As  the  decrease  from  sun  to  full  moon  is  something  like 

one  hundred  times  greater  than  this,  and  the  corona  is  fainter  than 

the  moon,  it  follows  that  less  than  i  per  cent  of  the  sky  illumination 

during  totality  came  from  the  corona. 

It  was  planned  to  get  measures  of  the  full  moon  before  leaving 

Urbana  for  the  West,  but  bad  weather  prevailed.     VV^e  did  succeed 

in  getting  test  measures  at  Rock  Springs  on  the  waning  moon  on 

two  mornings  just   before  dawn.     However,   we  were  especially 

fortunate  in  having  two  clear  nights  on  our  return  to  Urbana  two 
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weeks  after  the  eclipse,  and  the  moon  was  measured  on  June  23 
just  before  it  entered  the  penumbra  of  the  earth's  shadow.  This 
was  as  nearly  an  uneclipsed  full  moon  as  can  ever  be  observed. 

Table  III  gives  the  measures  of  the  moon  and  the  results.  The 
fourth  column  contains  the  observed  values  of  the  moon's  light, 
the  fifth  the  reduction  to  mean  distance  of  moon  and  sun.  and  the 
sixth  the  correction  for  atmospheric  absorption.  The  numbers  in 
the  seventh  column  are  derived  from  the  fourth  column  by  applying 
the  logarithmic  corrections  in  the  fifth  and  sixth.  In  the  eighth 
column  the  phase  is  counted  each  way  from  the  point  opposite 
the  sun,  positive  after  full  moon,  x^t  the  foot  of  the  table  are 
given  the  measure  on  the  corona  and  the  comparison  with  the  full 
moon. 

TABLE  III 
Observations  of  the  Moon 


Date 


G.M.T. 


Zenith 
Dis- 
tance 


nX"in     Reduc-  Correc- 

Clndle      »'°"  '°  t'°"  ^° 

Meters'i     ^^^^"  ^°  ^'■- 

i»icicrb    Distance  mosphere 


Corrected 
Moon's 
Light  in 
Candle- 
Meters 


Mean 


Candle- 
Meters 


Phase 


'■^  2 


1918  June  3 

June  4 
June  22 
June  23 


Corona  on 
June  8. . 


2  2*^  30"" 
22  35 
22  39-5 

22  46 

22  18 

22  28 

22  59 

18  07 

18  52 

19  14 
16  10 

16  58 

17  32 


69°S 
68.6 
67.7 
66.6 
78.2 

76.3 
70.7 
66.6 
70.2 
72. 1 
67.4 
64.6 
63.8 


017 

020 

018 

017 

005 

005 

on 

58 

51 

45 

81 

88 

96 


53-3 


0.60 


,967 

,967 

967 

967 

968 

968 

968 

o.ois 

0.015 

0.015 

0.005 

0.005 

0.005 


0635 
0.608 
0.582 
0-550 
0.747 
0.662 
0.484 
0.444 
0-524 
0.578 
0.414 
0.367 
0.356 


0.252 


0.068 

-075 
.064 
-056 
.026 
.021 
0.031 
1.67 

1-77 
1.76 
2. 12 
2.07 
2.20 


0.066+120' 


0.026  +134 


73    -   14 


2.13    -     3 


1 .07 


2-5 

I'S 


2.0 


1.8 


Ratio  of  corona  to  full  moon,  0.50 


The  first  three  nights  in  Table  III  are  included  only  as  a  general 
check  upon  the  measures  at  full  moon.  The  correction  for  atmos- 
pheric absorption,  which  increases  the  values  as  much  as  five- 
fold, shows  that  it  is  useless  to  measure  the  moon  at  low  altitudes 
unless  a  star  near  by  can  be  used  for  comparison.     The  measures 
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of  the  full  moon  on  June  23  were  quite  satisfactory,  and  the  sky 
was  estimated  to  be  fully  as  good  as  at  the  time  of  the  eclipse.  The 
application  of  the  absorption  correction  changes  the  ratio  corona 
to  moon  from  about  0.6  to  0.50,  and  it  is  evident  that  no  great 
error  has  been  introduced  here  by  improper  allowance  for  the 
atmosphere. 

The  method  of  allowing  for  the  atmospheric  absorption  in  our 
photometric  work  on  stars  at  this  observatory  is  to  take  the  reduc- 
tion to  zenith  from  Miiller's*  table  and  multiply  by  an  arbitrary 
factor,  based  upon  the  observer's  judgment,  but  this  factor  is  often 
determined  by  measures  of  suitably  placed  stars,  and  with  constant 
instrumental  conditions  is  fixed  by  the  absolute  amount  of  photo- 
electric effect  produced  by  any  star  which  has  been  observed  on 
many  nights.  If  the  reduction  to  outside  the  atmosphere  is  desired, 
an  additional  allowance  of  o .  20  magnitude  times  the  factor  is 
made.  Since  for  a  potassium  cell  our  usual  factor  for  a  good  night 
is  1.8,  this  gives  0.36  magnitude  as  the  absorption  at  the  zenith. 
For  the  work  on  stars,  where  the  correction  is  always  a  differential 
one,  it  is  not  a  great  matter  if  the  absolute  value  of  the  assumed 
absorption  is  considerably  in  error,  as  no  theory  can  allow  for  the 
sudden  and  irregular  changes  in  the  transparency  of  the  air  at  any 
ordinary  station.  There  is  of  course  a  great  difference  in  the 
absorption  for  light  of  different  wave-lengths,  but  the  foregoing 
estimate  is  considered  to  be  about  right  for  the  integrated  eft'ect 
with  a  potassium  cell.  Although  it  is  quite  unsatisfactory  to  guess 
in  this  way  at  the  effect  of  our  atmosphere  on  the  brightness  of  the 
corona,  it  is  better  than  to  ignore  the  eft'ect  altogether,  as  has  been 
done  in  most  cases. 

We  give  in  Table  IV  other  photometric  measures  of  the  corona 
subsequent  to  1870  and  1878,  when  only  first  rude  attempts  were 
made. 

The  photo-electric  value  ought  to  be  fairly  comparable  with 
the  photographic  results,  considering  the  color-curve  of  the 
potassium  cell.  Our  result  does  fit  in  between  the  extremes,  but 
it  is  evident  that  there  are  large  outstanding  differences  between 
observers  which  are  i)rol)ably  not  due  to  changes  in  the  corona. 

'  Photometric  dcr  Gcslirnc,  p.  515. 
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The  values  ascribed  to  Pickering  and  Holden  are  not  given 
explicitly  in  their  papers  but  may  be  derived  from  their  data,  using 
Pickering's  figure  for  the  moon  for  both  cases. 

The  photographic  results  by  Turner  apparently  depend  upon 
a  value  of  0.02  foot-candles  for  the  moon,  which  is  all  right  for 
visual  light,  but,  we  suspect,  may  be  five  or  ten  times  too  small  for 
the  moon's  photographic  effect.  If  this  surmise  is  correct,  then 
Turner's  values  should  be  considerably  reduced. 

The  volumes  of  the  British  Astronomical  Association,  edited  by 
Maunder,  are  not  available  to  us,  and  we  are  indebted  to  ^Ir.  Park- 
hurst  for  the  reference  to  them.  We  are  quite  at  a  loss  to  account 
for  the  high  values  obtained  in  1898  and  1900. 

The  independent  measures  of  Graff  and  Schwarzschild  in  1905 
seem  to  be  in  good  agreement. 

Perrine  states  that  most  of  the  light  which  goes  into  his  value 
of  0.1 1  is  additional  to  what  is  shown  on  an  ordinary  photograph, 
as  he  allows  for  the  part  of  the  corona  which  is  hidden  by  the  moon. 
He  considers  that  most  of  the  coronal  light  comes  from  the  inner 
ring  about  the  sun's  limb,  only  i  minute  of  arc  in  apparent 
width. 

Of  the  visual  determinations,  those  published  by  Abney  and 
Thorpe  were  made  with  the  same  instrument,  the  observers  being 
Douglas  in  1886  and  Forbes  in  1893.  -^  direct  comparison  with 
the  moon  was  not  made,  and  the  corona  was  expressed  in  Siemens' 
units  at  i  foot,  0.0197  i^  1886  and  0.026  in  1893,  the  conditions 
being  poor  at  the  first  date.  Following  Turner's  discussion  of  these 
measures,  the  values  in  terms  of  the  full  moon  are  o .  8  and  i .  i 
respectively,  which  are  inserted  in  Table  IV. 

Leuschner  in  1889  found  0.0086  units  of  a  wax  candle  at  i  foot. 
We  arbitrarily  assume  the  moon  to  be  0.02  in  the  same  unit,  and 
derive  0.4  moon  for  the  corona. 

The  results  of  Fabry  and  Knopf  are  as  given  in  the  originals. 

As  far  as  we  can  make  out,  all  of  the  photographic  determina- 
tions are  for  the  corona  exclusive  of  the  sky  background.  The 
values  of  Abney  and  Thorpe  apparently  include  the  sky,  an  area 
of  perhaps  12°  diameter  according  to  Turner.  The  results  of 
Leuschner  in  1889  exclude  the  sky,  and  the  same  is  presumably 
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true  of  the  careful  measure  of  Fabry  in  1905,  while  Knopf  included 
the  background  in  the  immediate  vicinity  of  the  corona. 

There  are  large  outstanding  corrections  for  atmospheric  absorp- 
tion which  should  be  applied  to  the  results  in  Table  IV  to  make 


TABLE  IV 
Total  Light  of  the  Corona 


Eclipse 

Observer 

In  Terms 

OF  Full                          Reference 
Moon 

Photographic  Determinations 

1886 

1889  (January)' 

1889  (December)  . .  . 

1893 

1898 

i8q8 

W.  H.  Pickering 

Holden 

Holden 

Turner 

Turner 

Bacon  and  Gare 

Gare  and  Johnston 

Graff 

Schwarzschild 

Perrine 

0.025 
0.04 
0.02 
0.6 
1 .1 

2-7 

io.(?)* 

0.26 
0.17 

o.n 

Harvard  Annals,  18,  104,  1890 

Lick  Contributions,  i,  14,  1889 

Ibid.,  2,  14,  1891 

Proc.  Roy.  Soc,  68,  36,  1901 

Ibid. 

The    Indian    Eclipse    of  i8g8 

190C 

1905 

1905 

1908 

(E.  Walter  Maunder,  ed.), 
p.  129 
Tlie  Total  Solar  Eclipse  of  igoo 
(E.  Walter  Maunder,  ed.), 

P-  154 
Hamburger    Abhandlungen,    3, 

48,  1913 
A stronomische    Milleilungen, 

Gottingen,  No.  13.  p.  36 
Lick  Obs.  Bull.,  5,  98,  1909 

Visual  Determinations 

1886 

1889  (January) 

1893 

1905 

1905 

Abney  and  Thorpe 

Leuschner 

Abney  and  Thorpe 

Fabry 

Knopf 

0.8           Phil.  Trans.,  loSA ,  363, 1889 
0.4            Lick  Contributions,  I,  100,  iSSg 
I.I            Phil.  Trans..  187.4,  433,  1896 
0.75          Comptes  rendus,  141,  870,  1905 
0.85          Hamburger    Abhandlungen,    3, 

1       80,  1913 

1 

Photo-Electric  Determination 

1018 

Kunz  and  Stebbins 

0.50 

This  paper 

♦  Measured  as  6  c.p. 

them  homogeneous,  but  we  have  not  the  data  at  hand  to  hazard 
such  a  procedure.  In  a  general  way  it  is  eviflont  that  the  visual 
values  run  about  ten  times  larger  than  the  photographic,  except 
for  the  British  observers  ,and  the  photo-electric  result  lies  between, 
but  nearer  the  visual. 
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The  question  naturally  arises  as  to  how  much  of  the  total  Hght 
which  we  assume  to  be  from  the  corona  in  19 18  was  due  to  the 
prominences,  which  were  unusually  bright  at  this  eclipse.  The 
short-exposure  photographs  show  the  prominences  to  be  intrin- 
sically more  intense  than  adjacent  regions  of  the  inner  corona,  and 
can  it  be  that  what  we  measured  was  the  prominences  and  not  the 
corona  at  all  ?  The  answer  is  that  in  the  photographic  spectrum 
of  the  prominences  the  most  prominent  features  are  the  H  and  K 
calcium  lines,  which  have  almost  no  effect  upon  the  photo-electric 
cell.  From  a  print  of  the  spectrum  obtained  at  Green  River  and 
kindly  sent  to  us  by  ]Mr.  Parkhurst,  it  is  seen  that  the  prominence 
radiations  which  would  affect  the  cell  are  principally  H^  and  Hy; 
but  it  seems  that  the  selective  effect  of  cutting  out  the  H  and 
K  light,  combined  with  the  long  stretch  of  continuous  coronal 
spectrum  to  which  the  cell  is  sensitive,  would  make  the  promi- 
nences much  less  effective  on  the  cell  than  on  the  photographs. 
It  is  possible  that  a  study  of  the  1918  plates  will  give  a  measure 
of  the  photographic  light  of  the  prominences  as  compared  ■vN'ith 
the  corona,  but  until  this  is  accomplished  we  cannot  give  a 
numerical  estimate  of  the  eft'ect  of  the  prominences. 

SUMMARY 

By  means  of  a  potassium  photo-electric  cell  the  corona  of  June  8, 
1918.  was  compared  with  a  standard  candle,  two  electric  lamps,  the 
full  moon,  and  with  an  area  of  sky  during  totahty  and  in  full  sun- 
shine.    The  numerical  results  are  as  follows: 

Observed  total  light  of  corona o .  60  candle-meters 

Same,  corrected  to  outside  atmosphere i  .07  candle-meters 

Observed  ratio  of  corona  to  full  moon 0.6 

Same  corrected  to  outside  atmosphere 0.50 

Observed  ratio  of  corona  to  sky  circle  \°  diameter 

8°  from  imeclipsed  sun o .  105 

Same  during  totality 640 . 

Ratio  of  intensity  of  daylight  sky  8°  from  sun  to 

intensity  of  same  area  during  totality 6100 

All  of  the  foregoing  measures  refer  to  the  light  to  which  the  photo- 
electric cell  is  sensitive  (see  Fig.  2).     It  is  probable  that  the  hght 
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from  the  prominences  had  a  small  effect  upon  the  measures,  which, 
however,  can  be  evaluated  from  the  photographs. 

We  are  indebted  to  Dean  David  Kinley  for  a  grant  from  research 
funds  of  the  Graduate  School  which  made  the  expedition  pos- 
sible; also  to  Dr.  Elmer  Dershem,  instructor  in  astronomy,  and 
to  Mr.  J.  B.  Hayes,  mechanician  in  the  department  of  physics,  for 
efficient  assistance  in  the  preparations  for  the  eclipse.  We  are 
also  glad  to  record  that  the  work  here  described  was  supported  in 
part  by  a  grant  from  the  Draper  Fund  of  the  National  Academy  of 
Sciences. 

University  of  Illinois 
January  19 19 


THE  MAGNETIC  POLARITY  OF  SUN-SPOTS^ 

Bv  GEORGE  E.  HALE,  FERDINAND  ELLERMAN, 
S.  B.  NICHOLSON,  and  A.  H.  JOY 

Whirling  storms  in  the  earth's  atmosphere,  whether  cyclones  or 
tornadoes,  follow  a  well-known  law  which  is  said  to  have  no  excep- 
tions: the  direction  of  whirl  in  the  Northern  Hemisphere  is  left- 
handed  or  counterclockwise,  while  in  the  Southern  Hemisphere  it 
is  right-handed  or  clockwise.  The  theory  of  terrestrial  cyclones 
is  still  very  obscure,  but  the  direction  of  whirl  is  evidently  deter- 
mined by  the  increase  in  linear  velocity  of  the  air  from  pole  to 
equator,  due  to  the  earth's  rotation.  The  question  naturally  arises 
whether  storms  in  the  solar  atmosphere  are  also  whirlwinds,  and, 
if  so,  what  law  governs  their  direction  of  whirl  in  the  Northern  and 
Southern  hemispheres. 

The  first  definite  evidence  bearing  on  this  question  was  obtained 
with  the  spectroheliograph  in  1908.^  Photographs  of  the  hydrogen 
flocculi  made  with  the  Ha  line  showed  clearly  marked  vortical 
structure  in  regions  centering  in  sun-spots.  This  structure  was 
found  to  be  repeated  in  hundreds  of  spots,  leaving  no  doubt  as  to 
the  generahty  of  the  phenomenon.  Furthermore,  photographs 
were  obtained  showing  masses  of  hydrogen  in  the  act  of  being 
drawn  from  a  great  distance  toward  the  center  of  sun-spots,  as 
though  sucked  into  a  vortex. 

These  photographs  suggested  the  hypothesis  that  a  sun-spot  is 
a  vortex,  in  which  electrified  particles,  produced  by  ionization  in 
the  solar  atmosphere,  are  whirled  at  high  velocity.  This  might 
give  rise  to  magnetic  fields  in  sun-spots,  regarded  as  electric  vor- 
tices. A  search  for  the  Zeeman  effect  led  to  its  immediate  detec- 
tion, and  abundant  proofs  were  soon  found  of  the  existence  of  a 
magnetic  field  in  every  sun-spot  observed.^ 

'  Contributions  from  the  Mount  Wilson  Solar  Observatory,  No.  165. 

'Hale,  "Solar  Vortices,"  Mt.  Wilson  Contr.,  No.  26;  Astrophysical  Journal,  28, 
100,  1908. 

3  Hale,  "On  the  Probable  E.xistence  of  a  Magnetic  Field  in  Sun-Spots,"  Mt. 
Wilson  Conlr.,  No.  30;   Astrophysical  Journal,  28,  315,  1908. 
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Subsequent  investigations  have  led  to  the  view  that  two  classes 
of  vortices  are  involved: 

1.  High-level  hydrogen  vortices,  centering  in  sun-spots,  which 
are  revealed  by  the  spectroheliograph  when  monochromatic  images 
of  the  sun  ar^  photographed  with  the  light  of  the  central  part  of 
the  Ha  line.  In  these  vortices,  which  sometimes  cover  vast  areas 
of  the  solar  surface,  the  motion  of  the  hydrogen  appears  to  be 
spirally  inward  and  downward.  Little  is  known,  except  by  infer- 
ence, as  to  the  form  of  the  stream-hnes  in  the  lower  levels  close  to 
the  photosphere.  There  is  reason  to  infer,  however,  that  the  hydro- 
gen gas,  descending  toward  the  solar  surface,  moves  spirally  out- 
ward in  the  lower  chromosphere  above  the  spots.' 

2.  Low-level  electric  vortices,  formed  in  the  photosphere,  which 
constitute  the  sun-spots  themselves.  In  these  vortices  the  motion 
of  the  gases  appears  to  be  spirally  upward  from  within  the  photo- 
sphere and  outward  along  its  surface.^  It  is  easy  to  show  by  labora- 
tory experiments  that  such  a  primary  vortex  formed  in  water  may 
set  up  a  secondary  vortex  in  a  gaseous  atmosphere  above  it,  closely 
analogous  to  the  hydrogen  vortices  above  sun-spots. 

The  present  paper  deals  with  the  magnetic  polarity  of  sun-spots, 
though  some  reference  will  also  be  made  to  the  closely  related  phe- 
nomena exhibited  by  the  vortex  structure  of  the  hydrogen  flocculi. 
The  purpose  in  view  is  to  discover  the  law  of  magnetic  polarities, 
if  such  exists,  and  to  consider  whether  this  law  is  subject  to  varia- 
tion in  the  course  of  the  sun-spot  cycle.  Subsequent  papers  will 
deal  with  the  various  magnetic  peculiarities  of  sun-spots  and  the 
structure  of  the  hydrogen  floccuH,  with  special  reference  to  the 
nature  of  the  vortices  associated  with  sun-spots. 

METHOD    OF    OBSERVATION 

It  is  a  well-known  fact  that  when  a  normal  Zeeman  triplet  is 
observed  along  the  lines  of  force  of  a  magnetic  field  the  central  (/>) 
component  is  absent  and  the  two  side  in)  components  are  circularly 
polarized  in  opposite  directions.     A  quarter-wave  plate  and  Xicol 

'  St.  John,   Ml    Wilson  Coiitr.,   No.  f)g;    Aslropliysiml  Journal,  37,  322,   1913; 
Evershcd,  Kodaikaiial  Obscrvalory  Bulletin,  No.  15;    Memoirs,  i,  Pt.  i,  1909. 
'  St.  John,  loc.  cit. 
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prism  mounted  over  the  slit  of  the  spectroscope  permit  either 
;z-component  to  be  cut  off  at  will  by  rotating  the  Xicol.  Further- 
more, if  the  polarizing  apparatus  be  adjusted  so  as  to  extinguish  one 
component,  reversal  of  the  current  through  the  coils  of  the  magnet 
will  cause  this  component  to  reappear,  while  the  other  will  be 
extinguished.  The  method  thus  offers  a  simple  means  of  deter- 
mining the  polarity  of  a  magnetic  field,  which  can  still  be  used 
when  the  angle  between  the  line  of  sight  and  the  lines  of  force  is 
as  great  as  sixty  or  seventy  degrees.  In  this  case,  however,  the 
/^-component  of  the  triplet  is  present,  and  the  elliptically  polarized 
light  of  the  ^-components  can  be  only  partially  extinguished. 

This  method  is  employed  daily  for  the  study  of  the  magnetic 
polarity  of  sun-spots  with  the  aid  of  the  75-foot  spectrograph  of 
the  150-foot  tower  telescope  on  Mount  Wilson.  A  12-inch  (30 .5  cm) 
visual  objective  of  150  feet  focal  length,  mounted  just  below  the 
second  mirror  of  the  coelostat  near  the  summit  of  the  tower,  pro- 
duces at  the  base  of  the  tower  an  image  of  the  sun  about  43  cm  in 
diameter,  any  portion  of  which  may  be  brought  upon  the  slit  of 
the  spectrograph  below  by  means  of  the  electric  motors  that 
control  the  slow  motions  of  the  coelostat  and  second  mirror.  The 
massive  circular  head  of  the  spectrograph,  which  carries  the  slit  in 
a  horizontal  plane,  can  be  rotated  to  any  desired  position  angle. 
After  passing  through  the  sht,  the  light  from  the  sun-spot,  or  other 
portion  of  the  solar  image,  descends  vertically  into  a  subterranean 
well,  10  feet  (3.0m)  in  diameter,  with  concrete  walls.  The  colli- 
mating  lens  of  6-inch  (152  mm)  aperture  is  75  feet  (22.9  m)  below 
the  slit.  This  lens  and  the  large  Michelson  grating  below  it  are 
mounted  on  a  heavy  support  at  the  bottom  of  the  well,  where  the 
temperature  is  essentially  constant  throughout  the  year.  After 
falhng  on  the  grating,  the  light  is  returned  through  the  collimating 
lens,  which  forms  an  image  of  the  spectrum  at  a  point  near  the  slit 
of  the  spectrograph.  Here  it  can  be  observed  visually,  or  photo- 
graphed if  desired.  There  is  no  connection  (other  than  the  walls 
of  the  well)  between  the  head  of  the  spectrograph,  which  carries  the 
slit,  and  the  support  for  the  collimator-camera  lens  and  grating  at 
the  bottom  of  the  well.  When  the  sHt  is  rotated  in  position  angle, 
the  grating  support  is  rotated  through  the  same  angle  by  means  of 
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an  electric  motor,  thus  bringing  the  lines  of  the  grating  again  into 
parallelism  with  the  sHt.  All  of  the  necessary  adjustments,  includ- 
ing the  rotation  of  the  dome  at  the  summit  of  the  tower,  the  slow 
motions  of  the  coelostat  and  second  mirror,  the  focusing  of  the  sun's 
image  on  the  slit,  the  focusing  of  the  coUimator-camera  lens,  the 
inclination  of  the  grating  to  bring  different  orders  of  spectra  into 
view,  and  the  rotation  in  azimuth  of  the  grating  support,  are 
accomplished  by  electric  motors  controlled  by  push  buttons  near 
the  hand  of  the  observer. 

IMost  of  the  observations,  both  visual  and  photographic,  of  the 
Zeeman  effect  in  sun-spots  are  made  in  the  second-order  spectrum, 
where  the  linear  dispersion  at  the  region  in  question  is  i  A  =  2  .  96 
mm.  For  the  daily  determination  of  spot  polarities  the  sharp 
iron  triplet  X  6173  .553  is  usually  employed. 

In  work  of  this  nature,  as  already  stated,  it  is  necessary  to  use 
a  Nicol  prism,  which  is  supported  just  over  the  slit  of  the  spectro- 
graph, and  surmounted  by  a  compound  quarter-wave  plate,  so  con- 
structed that  the  principal  sections  of  the  successive  mica  strips 
(2  mm  wide)  are  normal  to  one  another.  The  Nicol  prism,  130  mm 
in  length,  18  mm  high,  and  10  mm  wide  (effective  width  5  mm), 
was  built  by  Werlein  (from  four  sections  each  32.5  mm  long)  for 
use  with  the  75-foot  spectrograph  (see  Plate  Ilia,  Contribution 
No.  71).  The  compound  quarter-wave  plate,  there  shown  swung 
to  one  side,  can  be  turned  into  position  above  the  Nicol.  In  view 
of  the  considerable  focal  length  of  the  spectrograph,  the  distance 
of  the  quarter-wave  plate  from  the  slit  (65  mm)  is  not  sufficient  to 
reduce  materially  the  sharpness  of  the  dividing  lines  between 
adjoining  strips  of  spectra.  F"or  the  study  of  plane  polarization 
phenomena,  a  compound  half- wave  plate  is  substitued  for  the  com- 
pound quarter-wave  plate.  Circular  half-wave  and  quarter-wave 
plates,  mounted  so  that  they  can  be  rotated  in  ]H)sition  angle,  are 
also  used  for  si)ecial  purposes. 

With  this  apparatus  the  magnetic  polarities  and  the  strength 
of  the  magnetic  field  in  all  sun-spots  are  recorded  daily  (see  Fig.  i). 
A  sheet  of  paper  is  placed  in  the  focal  plane  of  the  telescope  and 
all  spots  visible  are  traced  in  outline  upon  it.  The  polarity  of  each 
spot  is  then  indicated  by  a  "V"  or  an  "  R,"  according  as  the  violet 
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or  red  component  of  the  Zeeman  triplet  is  transmitted  by  a  given 
strip  of  the  quarter-wave  plate.  As  the  diameter  of  the  focal  image 
of  the  sun  is  43  cm,  it  is  possible  in  this  way  to  observe  very  small 
spots.  In  addition  to  the  record  of  polarities,  the  strength  of  the 
field  in  each  spot  is  measured  by  means  of  a  parallel-plate  microme- 
ter. The  scale  of  this  micrometer  has-  been  carefully  calibrated  by 
Ellerman  and  Nicholson,  and  when  used  to  measure  a  triplet  whose 
separation  for  a  given  field-strength  has  been  determined  in  the 
laboratory  its  readings  are  readily  convertible  into  gausses.  In  the 
case  of  the  sharp  triplet  X6173,  the  ;?-components  may  still  be  dis- 
tinguished separately  in  sun-spots  when  the  field-strength  is  as  low 
as  1000  gausses.  For  greater  field-strengths  the  observed  values  are 
therefore  fairly  rehable,  but  below  this  limit  they  must  be  regarded 
as  merely  approximate.  The  readings  with  the  parallel-plate 
micrometer  are  recorded  in  degrees;  and  since  for  X6173  one  de- 
gree corresponds  approximately  to  100  gausses,  the  designation 
"R  28"  (see  Fig.  2)  at  a  certain  point  on  a  sun-spot  indicates 
that  the  polarity  at  this  point  corresponds  to  that  of  the  north 
magnetic  pole  of  the  earth,  and  that  the  field-strength  is  about 
2800  gausses.  "V  7"  would  mean  that  the  polarity  corresponds 
to  that  of  the  south  magnetic  pole  of  the  earth,  while  the  field- 
strength  is  of  the  order  of  700  gausses. 

THE  DETERMINATION  OF  SUN-SPOT  POLARITIES;    INCLINATION 
OF   THE    LINES    OF   FORCE 

The  determination  of  the  magnetic  polarity  of  a  sun-spot 
depends  upon  an  estimate  of  the  relative  intensities  of  the  red  and 
violet  components  of  a  Zeeman  triplet.  The  zinc  triplet  X  4680  in 
the  spectrum  of  a  spark  between  the  poles  of  a  large  Weiss  magnet, 
when  photograi)hed  with  a  Nicol  prism  and  compound  quarter- 
wave  plate  at  angles  of  0°,  60°,  and  qo°  with  the  lines  of  force, 
presents  the  appearance  shown  in  Plate  Va.  b,  and  c.  When  the  ob- 
servation is  made  parallel  to  the  lines  of  force,  the  /^-component  of 
the  triplet  is  absent  and  one  of  the  «-componcnts  is  completely  cut 
off.  At  right  angles  to  the  lines  of  force  the  /^-component  is  twice  as 
strong  as  the  //-components  (in  the  case  of  a  normal  triplet),  while 
the  two  ;/-components  are  of  equal  intensity.     At  intermediate 
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angles  the  plane  polarized  /^-component  is  of  intermediate  intensity, 
while  the  elliptically  polarized  ;z-components  are  no  longer  com- 
pletely cut  off  by  the  Nicol  prism  and  quarter- wave  plate.  The 
relative  intensities  of  the  three  components  of  a  normal  triplet  for 
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Fig.  2. — Sketch  of  large  sun-spot  group  from  the  daily  record  for  August  10, 
191 7,  showing  the  manner  of  indicating  the  polarity  and  field-strength  at  different 
points  in  the  group. 

one  set  of  alternate  strips,  when  observed  at  any  angle  from  0°  to 
180°  with  the  lines  of  force,  are  given  by 

wi-  =  J  (i  — cost)^     p  =  ^sm^y     w^  =  j  (i+cos  7)^ 

where  uy,  p,  and  hr  are  the  intensities  of  the  violet,  central,  and  red 
components  respectively;  7  is  the  angle  between  the  line  of  sight 
and  the  lines  of  force,  and  the  unit  of  intensity  is  such  that  i=}iv-{- 
p-\-HR^     The  variation  of  intensity  in  the  three  components  with 

'  Scares,  ML  Wilson  Coiitr.,  Xo.  72,  p.  5;    Astrophysical  Journal,  38,  99,  1913. 
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the  angle  7  is  illustrated  by  Fig.  3.  We  thus  have  a  means  of 
determining  the  angle  between  the  line  of  sight  and  the  lines  of 
force  in  observations  of  sun-spots.  The  important  bearing  of  this 
on  polarity  determinations  will  shortly  appear. 

Repeating  the  foregoing  observations,  at   the  same  angles  of 
0°,  60°,  and  90°,  but  substituting  the  compound  half-wave  plate 

for  the  compound  quarter-wave 
plate  previously  used  with  the 
Nicol,  we  have  the  appearances 
illustrated  in  Plate  \d,  e,  and/. 
Parallel  to  the  lines  of  force, 
when  no  plane  polarized  light 
is  present,  we  naturally  find 
that  the  half-wave  plate  and 
Nicol  are  without  effect  on  the 
circularly  polarized  w-compo- 
nents.  At  60°,  where  the  plane 
polarized  /^-component  is  ab- 
sent and  the  w-components  are 
elliptically  polarized,  the  ap- 
pearance is  as  shown  in  Plate 
Ve,  the  central  component  being 
completely  cut  off  by  alternate 
half-wave  strips,  while  the  n- 
components  are  materially  re- 
duced in  intensity. 

Consider  now  the  bearing  of 


Fig.  3. — Relative  intensities  of  the 
three  components  of  a  normal  Zeeman 
triplet  for  inclinations  of  0°  to  iSo°  between 
the  line  of  sight  and  lines  of  force  when 
observed  with  a  Nicol  prism  and  quarter- 
wave  plate  placed  in  front  of  the  slit  of 
the  spectrograph.  Thus  for  0°  the  rela- 
tive intensities  are  0,0,1,  respectively; 
forgo'':  0.25,0.50,0.25;  for  180°:  1,0,0. 


these  observations  on  the  deter- 
mination of  the  polarity  of  a  sun-spot  when  close  to  the  sun's  limb. 
Let  us  assume  that  the  lines  of  force  at  the  center  of  the  spot  are 
parallel  to  a  radius  from  the  sun's  center  passing  through  this  point, 
and  that  at  other  parts  of  the  umbra  and  penumbra  the  lines  of 
force  are  inclined  approximately  as  indicated  in  Plate  Vg.  This 
drawing  relates  to  a  spot  jihotographed  near  the  west  limb  of  the 
sun  on  October  i .  1915,  and  rei)r()duced  in  Plate  17/.  where  the  scale 
is  that  of  the  image  of  the  sun  at  the  focus  of  the  150-foot  tower 
telescope.     The  trii)lets  X  6302.  709  and  \i)\oi  .718  were  observed 
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at  various  parts'of  the  spot,  the  successive  positions  of  the  slit  on 
the  image  of  the  spot  being  indicated  on  the  illustrations  by  the 
lines  numbered  i  to  7.  The  observations  were  made  visually  by 
Hale  in  the  second-order  spectrum  of  the  75-foot  spectrograph,  using 
the  Nicol  and  the  compound  quarter-wave  plate  over  the  slit.  As 
these  observations  are  t}pical  of  all  fairly  symmetrical  spots  when 
near  the  sun's  limb,  the  phenomena  observed  at  each  position  of  the 
slit  may  be  indicated  here.  Reference  is  made  to  the  appearance 
of  the  triplet  X  6173. 

1.  Slight  "zigzag"  effect,  red  //-component  (R)  stronger  than  violet 
?z-component  (V).    Diffuse. 

2.  Widened,  diffuse.  R  stronger  than  V.  Sharp  at  one  point  in  spot, 
where  p  and  R  are  separated.     R  stronger  than  p.     \  absent  or  very  faint. 

3.  Wide,  diffuse.  R  stronger  than  \.  Three  components  of  triplet  some- 
times visible. 

Between  (3)  and  (4).  p  visible  but  faint.  V  strong  and  separated  from  p. 
R  apparently  absent. 

4.  More  diffuse,  p  hardly  separated  from  \^,  which  is  very  strong 
Marked  "zigzag." 

5.  Similar,  but  less  "zigzag."     Diffuse. 

The  chief  point  to  be  noticed  is  that,  whereas  the  red  //-compo- 
nent (R)  was  the  stronger  on  the  side  of  the  spot  toward  the  limb, 
the  violet  w-component  (V)  was  the  stronger  on  the  opposite  side  of 
the  spot.  In  other  words,  opposite  polarities  were  indicated  by 
the  observations  on  the  opposite  sides  of  the  spot.  This  is  easily 
explained  when  the  inchnation  of  the  lines  of  force  at  various  points 
in  the  spot  is  considered. 

As  already  stated,  Plate  \h  represents  the  spot  at  the  point  of 
observation  near  the  west  limb  of  the  sun.  The  direction  of  the 
lines  of  force  corresponding  to  the  various  parts  of  the  spot  is 
h}'pothetically  indicated  in  Plate  Vg.  Thus  when  the  slit  occupied 
positions  (2)  and  (3)  the  lines  of  force  were  directed  away  from  the 
observer,  and  R  was  stronger  than  F.^  Between  (3)  and  (4)  the 
//-components  became  of  equal  intensity,  indicating  that  the  line 
of  sight  was  nearly  at  right  angles  to  the  lines  of  force.  In  subse- 
quent positions  of  the  slit  the  violet  w-component,  which  had  been 

'Assuming  the  lin^s  of  force  at  the  center  of  the  spot  to  be  directed  radially 
outward  from  the  sun's  center. 
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weaker  than  the  red  component  in  positions  (2)  and  (3),  was  invari- 
ably the  stronger,  showing  that  the  Hnes  of  force  from  the  inner  side 
of  the  spot  were  directed  toward  the  observer.  Thus  the  true 
polarity  of  a  sun-spot,  corresponding  with  that  given  by  observa- 
tions made  on  the  umbra  when  the  spot  is  near  the  center  of  the 
sun,  may  also  be  determined  near  the  limb  by  observing  that  por- 
tion of  the  penumbra  which  lies  toward  the  center  of  the  sun. 

The  observations  indicate  that  at  some  position  of  the  slit 
between  (3)  and  (4)  the  lines  of  force  were  nearly  at  right  angles 
to  the  line  of  sight.  At  this  point  the  compound  half-wave  plate 
gave  strong  evidence  of  plane  polarization  (Plate  V^),  while  the 
the  quarter-wave  plate  indicated  the  same  result  by  showing  that 
maximum  intensity  shifted  from  R  to  V. 

The  position  on  the  spot  occupied  by  the  slit  when  the  red  and 
violet  components  of  a  Zeeman  triplet  are  of  equal  intensity  may 
be  called  the  "neutral  line"  (see  Fig.  3).  By  determining  the 
position  of  this  line  in  a  large  number  of  spots  we  may  obtain 
data  which  will  enable  us  to  fix,  with  some  precision,  the  average 
inclination  of  the  Hnes  of  force  in  a  plane  passing  through  the 
center  of  the  sun  and  the  line  of  sight. 

The  photographs  of  a  large  bipolar  spot  group  made  on  February 
9,  10,  12,  13,  14,  191 7,  and  reproduced  in  Plate  VI,  will  serve  to  illus- 
trate how  the  position  of  the  neutral  hne  changes  with  the  longitude. 
Observations  were  made  on  both  of  the  principal  spots  as  the  group 
was  carried  by  the  solar  rotation  toward  the  west  limb  from  a  point 
near  the  center  of  the  sun.  One  day's  observations  are  missing, 
because  of  clouds.  The  gradual  displacement  with  longitude  of  the 
neutral  hne  illustrated  by  these  observations  is  perfectly  typical, 
and  may  be  seen  in  any  spot  of  sufficient  size  as  it  is  carried  by  the 
solar  rotation  away  from  the  eastern  or  toward  the  western  limb. 

Irregularities  in  the  form  of  spots,  the  presence  of  small  com- 
ponents o])posite  in  polarity  to  the  chief  umbra,  and  other  mag- 
netic peculiarities  such  as  are  noted  below,  frequently  complicate 
the  observations  and  alTect  the  form  and  position  of  the  neutral 
line.  But  its  average  shift  with  longitude,  determined  from  obser- 
vations of  a  considerable  number  of  spots,  givt's  the  approximate 
inclination  of  the  lines  of  force  in  various  parts  of  the  umbra  and 
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penumbra.  Thus  we  tind,  from  105  observations  of  61  spots  made 
by  Joy  and  Nicholson,  the  positions  of  the  neutral  Une  and  the 
corresponding  inclination  of  the  lines  of  force  (taken  as  normal  to 
the  lines  of  sight  passing  through  the  neutral  line)  given  in  Table  I. 
The  position  of  the  neutral  line  is  given  in  tenths  of  the  spot's 
radius,  measured  from  the  center  of  the  spot  toward  the  limb.  In 
the  average  spot  of  moderate  size  the  radius  of  the  umbra  is  o .  4 
that  of  the  penumbra. 

TABLE  I 

IXCLIXATIOX   OF  LiXES   OF   FORCE 


p„.-,-  _     t       Angle  Between  Lines 
Longitude  K^ullT^  ?np       "^  Force  and  Solar 

.Neutral  Line  Radius 


8.0 

_  .0 

70 

45 

4-7 

35 

3-2 

25 

2.0 

10 

30-40" 

40-50 
50-60 

60  -70 

70-90 


These  results  relate  to  the  lines  of  force  that  lie  in  a  plane  pass- 
ing through  the  center  of  the  spot,  the  center  of  the  sun,  and  the 
line  of  sight.  They  do  not  show,  however,  the  inclination  of  the 
lines  of  force  in  the  plane  at  right  angles.  These  can  be  very  accu- 
rately determined  by  a  method  first  applied  by  Nicholson,  as 
follows : 

When  light  from  a  Zeeman  triplet  is  examined  in  a  direction  nor- 
mal to  the  lines  of  force  the  vibrations  producing  the  />-component 
are  parallel  to  the  hnes  of  force.  When  a  sun-spot  is  observed  near 
the  sun's  limb  the  Hnes  of  force  lying  in  a  meridional  plane  through 
the  center  of  the  spot  are  nearly  normal  to  the  line  of  sight,  and 
their  inclination  to  the  north  or  south  can  be  found  by  determining 
the  direction  in  which  the  light  of  the  /^-component  is  vibrating. 
The  simplest  way  to  do  this  would  be  to  pass  the  light  through  a 
Nicol  and  observe  in  what  part  of  the  spot  the  ^-component  is 
completely  extinguished  for  a  given  position  of  the  Nicol.  For  that 
region  the  hnes  of  force  would  be  parallel  to  the  long  diagonal.  •  A 
modification  of  this  method  has  been  used  because  the  grating  over 
the    75-foot   spectrograph    almost  completely  plane-polarizes  the 
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light  in  the  region  generally  observed,  with  the  result  that  for  cer- 
tain positions  of  the  Nicol  it  would  be  almost  completely  extin- 
guished. The  difficulty  could  be  avoided  by  leaving  the  Nicol 
fixed  with  reference  to  the  slit  and  rotating  the  whole  spectrograph. 
In  practice  the  same  result  is  accomplished  by  using  a  half-wave 
plate  placed  over  a  fixed  Nicol.  The  half-wave  plate  is  mounted 
on  a  scale  calibrated  in  degrees  so  that  the  angle  between  its  prin- 
cipal axis  and  that  of  the  Nicol  can  be  observed.  By  observing 
this  angle  the  direction  of  vibration  of  the  /^-component  projected 
on  a  plane  perpendicular  to  the  line  of  sight  can  be  determined  in 
all  parts  of  the  spot.  Since  the  plane  through  the  sun's  axis  and  the 
center  of  the  spot  is  nearly  perpendicular  to  the  line  of  sight,  obser- 
vations of  points  in  the  spot  lying  in  the  plane  give  directly,  with 
good  approximation,  the  inclination  of  the  lines  of  force  toward  the 
north  or  south.  The  results  of  24  observations  by  Nicholson  on 
three  tvpical  unipolar  spots  are  as  follows,  the  unit  of  distance,  as 
before,  being  one-tenth  of  the  radius  of  the  spot. 


Distance  from  Center 
of  Spot 

Angle  Between  Lines  of 
Force  and  Solar  Radius 

0 

0° 

3 

18 

6 

49 

9 

73 

The  inclinations  found  by  the  two  methods  are  shown  in  Fig.  4, 
where  the  ordinates  are  angles  between  the  lines  of  force  and  the 
solar  radius  and  the  abscissae  are  distances  from  the  center  of  the 
spot.  The  results  of  the  first  method  arc  indicated  by  crosses  and 
of  the  second  by  circles.  Considering  the  difficulties  and  uncer- 
tainties of  observation,  the  agreement  is  excellent. 

Additional  information  can  be*  obtained  by  determining  the 
relative  intensities  of  the  n-  and  /'-components  of  a  Zeeman  triplet 
in  different  parts  of  a  spot  observed  near  the  center  of  the  sun.  The 
results  of  such  observations  vary  among  themselves,  but  in  many 
spots  the  /^-component  is  strong  even  at  the  center  of  the  umbra 
when  the  spot  is  near  the  center  of  the  sun  (see  Plate  V/,/). 
This  investigation,  the  results  of  which  are  not  essential  in  the 
present  study  of  polarities,  is  being  continued  by  Nicholson. 
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By  taking  into  account  the  position  of  the  neutral  line  and 
avoiding  the  observation  of  spots  at  the  extreme  limb  of  the  sun 
(where  the  lines  of  force  along  the  line  of  sight  are  frequently  not 
visible  at  the  outer  edge  of  the  spot),  the  polarities  of  sun-spots 
may  be  determined  with  certainty.  It  is  to  be  understood  that 
for  this  purpose  a  quarter-wave  plate  is  always  used  with  a  Nicol 
prism  over  the  slit  of  the  spectroscope.  Serious  errors  in  the 
determination  of  the  relative  intensities  of  the  lines  of  spot  triplets 
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Fig.  4. — Inclination  (ordinates)  of  lines  of  force  to  sun's  radius  at  different 
distances  from  the  center  (abscissae,  in  tenths  of  radius  of  spot)  of  sun-spots.  Crosses 
indicate  results  from  observations  of  the  position  of  the  neutral  line.  Points  are 
from  measures  of  the  orientation  of  the  plane  of  polarization  for  the  /'-components 
in  spots  observed  near  the  sun's  limb. 

may  enter,  as  Zeeman  has  pointed  out,  when  the  observations  are 
made  without  polarizing  apparatus.  In  the  case  of  the  75-foot 
spectrograph,  for  example,  the  plane  polarization  due  to  the  grating 
varies  greatly  for  different  wave-lengths  and  for  different  orders  of 
the  spectrum.  It  is  therefore  entirely  insufficient  to  determine  the 
relative  intensities  of  the  lines  without  complete  knowledge  of  the 
polarization  phenomena  of  the  grating  and  also  those  of  the  tower 
telescope.  With  a  Nicol  and  quarter-wave  plate,  however,  the 
results  of  polarity  observations  are  essentially  unaffected  by  these 
causes. 
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In  Hale's  first  paper  "On  the  Probable  Existence  of  a  Magnetic 
Field  in  Sun-Spots,'''  photographs  were  reproduced  of  two  large 
spots,  of  opposite  polarity,  lying  on  opposite  sides  of  the  solar 
equator.  Other  cases  which  at  first  seemed  to  suggest  a  relation- 
ship between  polarity  and  hemisphere  were  subsequently  found. 
But  it  soon  appeared  that  the  simple  law  of  terrestrial  cyclones  does 
not  apply  to  the  sun;  for  spots  of  opposite  polarity  were  detected, 
not  only  in  the  same  hemisphere,  but  also  in  the  same  spot-group. 

Thus  the  large  spot  (Greenwich  No.  6728)  observed  in  the  focal 
image  of  the  60-foot  tower  telescope  on  September  24,  1908,  was 
seen  to  have  at  least  three  well-defined  smaller  umbrae,  in  addition 
to  the  principal  umbra,  within  the  boundary  of  the  large  penumbra. 
Photographs  of  the  iron  triplet  X  6303.  made  with  the  30-foot  spec- 
trograph, showed  the  three  small  umbrae  to  have  the  same  polarity, 
opposite  to  that  of  the  principal  umbra  and  penumbra.  Many 
similar  cases  have  been  found,  while  cases  of  small  companion  spots, 
completely  separated  from  a  larger  member  of  the  group,  and  differ- 
ing from  it  in  polarity,  are  also  common. 

In  one  very  remarkable  instance,  illustrated  in  Plate  Vila  and  h, 
two  large  umbrae  of  the  same  spot,  separated  only  by  a  bridge,  were 
of  opposite  polarity,  while  the  polarities  of  other  members  of  the 
same  group  were  as  indicated  in  the  sketch,  Plate  Vile,  accom- 
panying the  photograph. 

It  fortunately  happens,  however,  that  cases  of  mixed  polarity 
are  not  so  common  as  to  obscure  our  perception  of  a  simple  unifying 
principle  leading  directly  to  the  detection  of  a  general  law  of 
polarities.  This  has  its  origin  in  a  well-known  peculiarity  of  sun- 
spots,  indicated  in  the  records  of  the  earliest  observers,  and  com- 
mented upon  by  Carrington. 

Sun-spots  frequently  occur  in  pairs,  the  principal  members  of 
which  may  be  several  degrees  apart.  The  western  or  preceding 
member  of  such  a  group  is  often  the  first  to  be  formed,  but  sooner 
or  later  a  second  spot,  comparable  with  the  first  in  size,  but  fre- 
quently smaller,  or  split  into  .several  components,  is  likely  to  appear 
behind  it.     Sometimes  both  members  of  the  group  appear  simul- 

'  Mt.  Wilson  Coiilr.,  No.  30;  Astropliysiral  Joitnml,  28,  315,  1908. 
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taneously,  and  in  other  cases  the  following  member  is  formed  first. 
Many  minor  spots  usually  accompany  the  larger  ones,  either  clus- 
tered about  them  or  lying  in  the  space  between  the  principal  spots. 
It  is  probably  a  significant  fact  that  the  axis  of  the  group  usually 
makes  only  a  small  angle  with  the  equator. 

TABLE  II 
Inclination  of  Axis  of  Sun-Spot  Groups 


Semicycle 


Latitude 


Min.-Max.  1856- 
1860 

Max.-Min.  1860- 
1867 

Min.-Max.  1867- 
1871 

Max.-Min.  187 1- 

1879 

Min.-Max.  1879- 


]Max.-Min.  188: 


Min.-Max.  iJ 
1893 


7°(3)* 
1(24) 
4(4) 
7(35) 
7(11) 
3(34) 
-2(7) 


5°(27)      io°(69) 
3(117)1     4(148) 


S(i5) 
3  (139) 
2(42) 
-I  (72) 
0(21) 


5(55) 
6  (147) 


7°(94) 
6(73) 
6(80) 
6(90) 


4(105)      3(123) 
6(110)      7(43) 
6  (81)        6  (93) 


9°(io3)      8°  (60) 


9(40) 

8(9) 

6(97) 

9  (45) 

8(65) 

10  (13) 

9(85) 

9(31) 

0(7) 

17(2) 

0(88) 

10  (46) 

1 3°  (20) 

14(3) 
8(23) 

10  (13) 
14  (9) 

(o) 
10  (12) 


Weighted    mean! 

inclination  and  |  | 

numberofspots3.7(ii8)  2.4  (433)  5.6  (7i5)'s. 8  (596)18.7  (485)9.3  (206)  10.8(80) 

, I \ \ I I I , 

*  Quantities  in  parenthesis  are  numbers  of  spots. 

A  study  by  Joy  of  the  sun-spot  drawings  of  Carrington  (1856- 
1861)'  and  Sporer  (i 861-1893)-  shows  that  there  is  little  change 
in  this  angle  during  the  Hfe  of  the  group,  but  that  in  the  mean  the 
angle  bears  a  definite  relation  to  the  latitude  of  the  group.  Twenty- 
sLx  hundred  and  thirty-three  bipolar  and  multiple  groups,  covering 
three  and  one-half  sun-spot  cycles,  were  examined.  The  following 
spot  of  the  pair  tends  to  appear  farther  from  the  equator  than 
the  preceding  spot,  and  the  higher  the  latitude,  the  greater  is  the 
inclination  of  the  axis  to  the  equator.  This  relation  holds  for  both 
hemispheres.  The  details  are  shown  in  Table  II  and  the  results 
are  illustrated  in  Fig.  5. 

'  Observations  of  Spots  on  the  Sun,  London,  1863. 

^  PiMicationender  Astronomischcn  Gescllschaff,  13;  Pub.  Astrophys.  Obs.  zii 
Potsdam,  No.  i,  1878;   No.  5,  1880;   No.  17,  1886;   No.  32,  1894. 
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In  genera],  the  angle  of  inclination  was  found  to  depend  entirely 
on  the  latitude  of  the  group,  without  reference  to  the  number  of  the 
cycle  or  the  time  within  the  cycle.  A  knowledge  of  the  polarities 
of  the  spots  would  have  aided  greatly  in  determining  the  position 
of  the  axes  of  the  groups. 

The  most  significant  characteristic  of  these  binary  spot-groups 
lies  in  the  fact  that  the  two  principal  members,  whether  single  or 

multiple,  are  almost  in- 
variably of  opposite 
magnetic  polarity.  A 
photograph  made  in  the 
second -order  spectrum 
of  the  7  5 -foot  spectro- 
graph will  serve  to  illus- 
trate this  point,  and  at 
the  same  time  to  indi- 
cate how  these  polarity 
phenomena  may  be  re- 
corded photographi- 
cally. The  long  Nicol 
prism  and  compound 
quarter-wave  plate  are 
used  over  the  slit  and  the 
spectrograph  is  rotated 
in  position  angle  until 
the  slit  passes  through 
the  two  principal  mem- 
bers of  the  group.  A  single  exposure  on  a  wide  Zeeman  triplet  such 
as  X6173  or  X630.^  then  gives  the  polarity  of  the  two  members,  as 
shown  in  Plate  VI I  The  spot-group  reproduced  in  Plate  Vllrf  from 
a  direct  photograph  made  with  the  Snow  telescope  on  June  iq,  1914. 
consisted  of  a  hirgcr  preceding  sjiot  and  two  smaller  spots  to  the 
east  of  it,  with  various  minor  companions  between  them.  Plate VIIc, 
from  a  photograi)h  of  the  spectrum  made  with  the  long  Nicol  and 
single  quarter-wave  plate,  shows  that  the  two  smaller  spots  were 
of  the  same  polarity,  but  oi)i)osite  to  that  of  the  largest  spot. 
Plate  VII/,  taken  with  the  idmj)oun(i  (|uarter-\va\e  iilatc.  nt)t  only 
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Fig.  5. — Summarj'  of  a  statistical  study  of  the 
sun-spot  drawings  of  Carrington  and  Sporer  show- 
ing the  variation  with  latitude  (abscissae)  in  the 
I)referential  inclination  (ordinates)  of  the  axis  of 
bipolar  sun-spot  groups.  In  low  latitudes  the  axes 
arc  nearly  parallel  to  the  sun's  equator,  but  with 
increasing  latitude  the  mean  inclination  increases 
to  a  maximum  of  about  ii°. 
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confirms  this  result,  but  also  serves  to  better  advantage  for  the 
study  of  the  weaker  fields  of  the  small  companion  spots  lying 
between  the  preceding  and  following  members  of  the  group.  It 
will  be  seen  from  this  figure  that  magnetic  displacements  occur  at 
points  where  no  spots  are  shown,  though  faint  indications  of  them 
appear  in  the  original  negative. 

Analyzing  these  spectra,  we  find  that  there  are  apparently  two 
"spheres  of  influence"  of  opposite  polarity  which  meet  near  the 
center  of  the  group.  The  first  of  these  is  dominated  by  the  large 
preceding  spot,  while  the  other  comprises  the  oppositely  directed 
magnetic  fields  of  the  two  following  spots.  Minor  spots  of  op- 
posite polarity  sometimes  occur,  as  already  stated,  within  these 
"spheres  of  influence,"  but  the  generality  of  the  bipolar  effect  is 
very  strikingly  shown  by  an  examination  of  hundreds  of  spot- 
groups. 

The  preceding  and  following  members  of  bipolar  groups  may  be 
split  into  several  components,  often  well  separated,  and  small  com- 
panion spots,  of  either  polarity,  may  be  present.  Furthermore,  the 
strength  of  the  field  and  the  area  over  which  it  can  be  detected  may 
be  very  different  for  the  preceding  and  following  members  of  the 
group.  But  if  magnetic  fields  of  opposite  polarity  are  distinctly 
shown  by  the  preceding  and  following  members  of  the  pair,  the 
essential  characteristics  of  a  bipolar  group  are  present. 

The  tendency  toward  bipolar  structure  is  so  strongly  marked 
that  hardly  more  than  10  per  cent  of  all  spots  observed  are  wholly 
free  from  it.  In  the  case  of  spots  which  are  apparently  single,  some 
traces  of  asymmetry,  more  or  less  suggestive  of  the  structure  of 
bipolar  groups,  can  usually  be  detected.  Sometimes  such  evidence 
of  asymmetry  is  afforded  by  faculae  following  or  preceding  the 
spot.  More  commonly,  however,  especially  in  the  central  part  of 
the  sun,  it  is  necessary  to  have  recourse  to  spectroheliographic  plates 
for  the  purpose  of  detecting  the  asymmetrical  structure.  In  such 
photographs  it  is  usually  found  that  a  single  spot,  or  a  group  of 
small  spots  all  having  the  same  magnetic  polarity,  is  near  the  pre- 
ceding end  of  a  mass  of  calcium  flocculi  elongated  in  a  direction  not 
greatly  inclined  to  the  solar  equator.  Much  less  frequently  the 
spot  occurs  near  the  following  end  of  such  a  group  of  flocculi.     In 
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about  10  per  cent  of  all  cases  hitherto  observed  here  the  distribu- 
tion of  the  flocculi  is  fairly  symmetrical  to  the  cast  and  west  of 
single  spots. 

Thus  in  the  magnetic  classification  of  sun-spots  it  is  highly 
desirable  to  investigate  the  magnetic  records  in  the  light  of  infor- 
mation afforded  by  the  distribution  of  the  flocculi.  The  calcium 
flocculi  serve  admirably  for  the  purpose  just  stated,  but  in  order  to 
study  the  characteristic  vortex  structure  associated  with  bipolar 
spot  groups  we  must  have  recourse  to  spectrohcliograms  of  the 
hydrogen  flocculi,  taken  under  high  dispersion  with  the  light  from 
the  center  of  the  Ha  line. 

In  a  later  paper  the  characteristics  of  these  bipolar  groups  will 
be  discussed  more  in  detail,  and  a  variety  of  evidence  bearing  on 
their  nature  will  be  presented.  Our  immediate  purpose  is  to  pre- 
sent a  scheme  of  magnetic  classification  and  to  bring  out  the  fact 
that  the  recognition  of  this  t^-pical  structure,  even  in  the  rudimen- 
tary form  where  the  second  spot  is  absent'  and  represented  only 
by  a  train  of  flocculi,  is  essential  to  an  intelligent  discussion  of  the 
distribution  of  spots  of  different  polarities  in  the  northern  and 
southern  hemispheres  of  the  sun. 

The  methods  described  above  for  recording  polarities  can  of 
course  be  applied  to  the  more  complicated  groups  as  well  as  to 
those  of  the  simple  bipolar  type.  A  case  of  unusual  complexity  is 
illustrated  and  described  in  Plate  VIII. 

MAGNETIC   CL.\SSIF1CATI0N   OF    SUN-SPOTS 

Our  scheme  of  classifying  sun-spots  is  based  primarily  upon  the 
determination  of  their  magnetic  polarities.  Supplementary  evi- 
dence is  frequently  needed,  however,  and  this  is  supplied,  as  already 
stated,  by  calcium  and  hydrogen  spectrohcliograms.  Three  classes 
of  spots  are  included  in  the  scheme:  (a)  unipolar,  (/i)  bipolar,  and 
(7)  multipolar.     These   may  be  subdivided  as  indicated  below. 

(a)  Unipolar  spots. — Single  spots,  or  groups  of  small  spots,  hav- 
ing the  same  magnetic  polarity.     It  should  be  noted,  however,  that 

'  In  view  of  Ihc  fact  that  the  general  absorption  in  tlie  spectrum  of  a  spot  increases 
greatly  in  passing  from  red  to  violet,  it  may  perhaps  become  possible  to  photograph 
very  faint  .spots,  invisible  to  the  eye,  by  using  ultra-violet  light  of  the  shortest  possible 
wave-length. 
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unipolar  spots,  and  the  chief  components  of  bipolar  groups,  may 
occasionally  have  small  companions  of  opposite  polarity,  which 
play  such  a  minor  and  sporadic  part  in  the  group  that  they  are  dis- 
regarded in  the  classification. 

Unipolar  spots,  whether  single  or  multiple,  may  be  divided  into 
three  groups,  which  are  illustrated  in  Plate  IX: 

(a)  Those  in  which  the  distribution  of  the  calcium  flocculi  is  fairly  sym- 
metrical preceding  and  following  the  center  of  the  group. 

(ap)  Those  in  which  the  center  of  the  spot-group  precedes  the  center  of 
the  surrounding  calcium  flocculi. 

(a/)  Those  in  which  the  center  of  the  spot-group  follows  the  center  of 
the  surrounding  calcium  flocculi. 

(j8)  Bipolar  spots. — -The  simplest  and  most  characteristic  bipolar 
spot-group  consists  of  two  spots  of  opposite  polarity.  The  line 
joining  the  two  spots  generally  makes  only  a  small  angle  with  the 
solar  equator.  Each  member  of  the  group  may  be  accompanied 
or  replaced  by  many  small  spots,  but  the  great  majority  of  the  spots 
constituting  the  preceding  and  following  members  of  the  group  are 
of  opposite  magnetic  polarity.  One  or  more  companion  spots,  of 
polarity  opposite  to  that  which  characterizes  the  corresponding 
region  of  the  group,  sometimes  occur  in  association  with  either  the 
preceding  or  following  member. 

Bipolar  spots  may  be  divided  into  four  groups,  illustrated  in 
Plates  X  and  XI /St: 

(/?)  Those  in  which  the  leading  and  following  members,  whether  single  or 
multiple,  are  approximately  equal  in  area. 

{^p)  Those  in  which  the  leading  member  is  the  principal  member  of  the 
group. 

(/?/)  Those  in  which  the  following  member  is  the  principal  member  of  the 
group. 

(/3y)  Those  in  which  the  preceding  or  following  members  are  accompanied 
by  minor  companions  of  opposite  polarity. 

(7)  Multipolar  spots.  Groups  of  this  character,  comprising 
hardly  more  than  i  per  cent  of  the  total  number  of  spots  ob- 
served, contain  spots  of  both  polarities  so  irregularly  distributed 
as  to  prevent  classification  as  bipolar  groups  (see  Plates  VIIIc 
and  XI7). 
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MAGNETIC    CLASSIFICATION    OF    970    SUN-SPOTS    OBSERVED    DURING 

I915-I917 

While  it  is  obvious  that  the  changes  that  occur  during  the  life 
of  a  spot  must  preclude  a  hard-and-fast  determination  of  type,  it 
may  be  interesting  to  give  the  preliminary  results  of  a  classification 
by  Nicholson  of  the  spots  observed  since  our  present  method  of 
recording  was  put  into  effect  in  191 5.  In  presenting  the  following 
figures  it  should  be  stated  that  they  are  provisional,  and  there- 
fore subject  to  revision  in  the  light  of  further  study.  Table  III 
is  self-explanatory,  giving  the  number  of  spots  observed  in  both 
hemispheres  during  1915,  1916,  and  191 7,  classified  according  to 
the  system  already  explained. 

Several  interesting  facts  are  brought  out  by  this  table.  Most 
notable  of  these  is  the  strong  tendency  toward  the  bipolar  type, 
indicated  not  only  by  the  large  percentage  of  bipolar  groups,  but 
also  by  the  small  proportion  of  symmetrical  unipolar  spots. 
Another  striking  fact  is  the  dominance  of  preceding  spots,  shown 
by  the  high  percentage  of  /3/>  spots  as  contrasted  with  /3/  spots, 
and  also  indicated  by  a  similar  preponderance  of  ap  over  a/  spots. 
The  constancy  of  the  percentages  for  the  successive  years,  and  the 
very  small  number  of  multipolar  (7)  spots,  should  also  be  noted. 

The  results  of  magnetic  observation,  revealing  the  great  pre- 
ponderance of  bipolar  groups,  are  closely  in  harmony  with  the 
conclusion  reached  by  Father  Cortie  in  his  valuable  paper  "On  the 
Types  of  Sun-Spot  Disturbances."'  After  describing  the  various 
types,  he  remarks: 

The  chief  type,  however,  of  which  the  above  mentioned  are  in  most,  pos- 
sibly in  all,  cases  but  phases,  is  the  double-spot  formation,  with  a  train  of 
smaller  spots  between  the  two  principal  spots  of  the  group,  the  whole  group 
generally  drifliiig  into  more  or  less  parallelism  with  the  solar  equator.  In 
this  form  the  principal  spot,  which  cvcnlually  becomes  a  normal  spot  of  regular 
outline,  is  generally  the  leading  spot,  but  in  many  cases  it  is  ihe  following 
spot,  while  sometimes  the  i;)rcpondcrance  in  area  alternates  between  the  two, 
as  the  group  traverses  the  disk.  In  yet  rarer  instanc  cs  I)oth  the  chief  spots 
develop  as  regular  spots. 

A  discussion  of  the  details  of  sun-spot  fo;-mation  and  dissolution, 
and  of  the  relationship  between  spot  polarities  and  the  structure 

'  Aslrophysical  Joiinuil,  13,  2C0,  1901. 
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of  the  accompanying  hydrogen  flocculi,  must  be  reserved  for  another 
paper.  Here  it  is  our  purpose  to  consider  only  such  phases  of  these 
and  other  questions  as  bear  directly  upon  the  derivation  of  a  law 
of  sun-spot  polarities. 

TABLE  III 
Magnetic  Classification  of  970  Spots 


» 

ap 

a.f 

P 

PP      fif 

0y 

y 

Unclas- 
sified 

Total 

I9I5 

N 

S 

Total 

Percentages  

10 

7 

17 

17 
16 

33 

5     ! 

4 

9 

17 
21 
38 

29       3 
22       6 

51       9 

4 
4 
8 

3 
0 

3 

II 

3 

14 

99 

83 

182 

9 

18 

5 

21 

28       5 

4 

2 

8 

Total  percentages 

32 

58 

1916 

fN 

S 

Total 

Percentages  

22 
31 
53 

26 
28 
54 

4 

8 

12 

49 
17 
66 

63     12 

37     13 
100     25 

7 
6 

13 

0 
0 
0 

8 

7 

IS 

191 

147 
33S 

16 

16 

4 

20 

30       7 

4 

0 

4 

Total  percentages 

35 

61 

1917 

fN 

S 

Total 

Percentages 

25 

16 
41 

54 
41 
95 

2 
7 
9 

66 

53 
119 

62     17 

69     II 

131     28 

9 

7 

16 

3 
0 

3 

3 
5 
8 

241 
209 
450 

9 

21 

2 

26 

29       6 

4 

I 

2 

Tota 

percentages 

32 

65 

Summary  (percentages 

) 

- 

aP 

a/ 

P            fiP 

Pf 

0y 

7 

Unclassi- 
fied 

1915 

1916 

1917 

9 
16 

9 

18 
16 

21 

5 
4 

21           28 
20      1     30 
26      1      29 

5 
7 
6 

4 
4 
4 

2 
0 

I 

8 

4 

2 

Mean 

II 

18                4 

22           29 

6 

4 

I 

5 

Total  number 
of  spots  . .  . 

III 

182 

30 

223      j   282 

62 

37 

6 

37 

POLARITIES  OE  SPOTS  IN  THE  NORTHERN  AND  SOUTHERN  HEMISPHERES 

For  the  purpose  of  deriving  a  law  of  sun-spot  polarities  we  may 
regard  unipolar  spots  {ap)  followed  by  a  train  of  flocculi  as  pre- 
ceding spots  of  incomplete  bipolar  groups,  and  those  (a/)  which  are 


174     C,.  E.  HALE.  F.  ELLERMAN,  S.  B.  NICHOLSON,  A.  H.  JOY 

preceded  by  a  train  of  flocculi  as  following  spots  of  such  groups. 
During  the  last  sun-spot  cycle  (observations  from  June  1908  to 
December  191 2)  it  was  found  in  the  great  majority  of  spots 
observed  that  the  "marked  strip"  of  the  compound  quarter-wave 
plate  transmitted  the  violet  component  of  preceding  spots  in  the 
Northern  Hemisphere  and  of  following  spots  in  the  Southern  Hemi- 
sphere.' It  naturally  follows,  from  the  characteristics  of  bipolar 
groups,  that  during  the  same  period  the  marked  strip  transmitted 
the  red  component  of  following  spots  in  the  Northern  Hemisphere 
and  of  preceding  spots  in  the  Southern  Hemisphere.  The  numbers 
of  spots  observed  are  given  in  Table  IV. 


TABLE  IV 


Regular 

Irregular 

Range  in 
Latitude 

Average 

Latitude 

N 

Vp-Rf 

S 

Rp-Vf 

Total 

N           S 

Total 

Last  cycle 

(June  1908  to  De- 
cember 191 2) 

7 

17 

24 

0 

2 

2 

18°  to  3° 

9° 

Thus  while  the  bipolar  characteristic  of  sun-spots  introduces  an 
element  not  encountered  in  the  case  of  terrestrial  storms,  the  oppo- 
sition in  polarity  north  and  south  of  the  solar  equator  is  analogous 
to  the  opposite  direction  of  whirl,  invariably  observed  in  the  case 
of  northern  and  southern  cyclones  and  tornadoes. 

After  the  sun-spot  minimum,  which  occurred  in  December  1912, 
we  found,  to  our  sur]:)rise,  that  the  polarity  of  the  members  of 
bipolar  groups  was  opposite  to  that  observed  before  the  minimum. 
That  is  to  say,  the  marked  strip  of  the  compound  quarter-wave 
plate  now  transmits  the  red  component  of  the  preceding  spots  of 
bipolar  groups  in  the  Northern  Hemisphere  and  the  violet  compo- 
nent of  the  ])receding  spots  of  bipolar  groups  in  the  Southern  Hemi- 
sphere. 

'J'his  sudden  change  was  so  remarkable  that  it  was  feared  some 
ol)servational  error  had  been  made.     'J'he  results  have  been  checked 

'  Few  spots  were  observed  durinj^  this  cycle,  I)ec;uise  attenlion  was  tlun  con- 
centrated upon  a  small  number  of  very  large  spots. 
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repeatedly  by  different  observers,  however,  and  in  all  cases  the 
conclusion  has  been  the  same.  The  first  observations  of  the  former 
cycle  were  made  with  the  60-foot  tower  telescope  and  30-foot  spec- 
trograph, but  before  the  end  of  the  cycle  the  150-foot  tower  tele- 
scope and  75-foot  spectrograph  were  put  into  commission,  and  this 
w^ork  was  transferred  from  the  old  to  the  new  tower.  Thus  the 
danger  of  any  confusion  due  to  the  change  of  spectrographs  and 
polarizing  apparatus  was  eliminated,  as  the  results  obtained  with 
the  150-foot  tower  telescope  during  the  former  cycle  were  in  har- 
mony with  those  secured  with  the  60-foot  tower  telescope  during 
the  same  period.  During  the  former  cycle  the  obser\^ations  were 
both  visual  and  photographic,  but  since  the  beginning  of  the  present 
cycle  most  of  the  polarities  have  been  determined  visually,  though 
the  results  have  frequently  been  checked  photographically. 


TABLE  V 


Present  Cycle 


Regular 


Rp-Vf 


s 

Vp-Rf 


Total 


Irregular 


Total 


Range  in 
Latitude 


Average 
Latitude 


1913,  1914 

191S 

1916 

1917 


73 
166 

221 


14 

68 
120 

193 


32 
141 


414 


14 
14 


34°  to  13° 

29  "     2 

37  4 

30  I 


19 
17 
14 


The  observations  of  the  present  cycle  are  given  in  Table  V,  which 
corresponds  with  Table  IV  except  for  the  fact  that  in  Table  V  the 
polarities  are  classed  as  "regular"  when  the  marked  strip  transmits 
the  red  component  in  preceding  spots  of  the  Northern  Hemisphere, 
whereas  during  the  former  cycle  it  transmitted  the  violet  component 
in  such  spots. 

In  a  preliminary  paper  describing  the  observed  change  of 
polarity  at  the  last  sun-spot  minimum,'  it  was  suggested  that  the 
explanation  might  be  connected  with  the  difference  in  latitude  of 
the  spots  of  the  old  and  new  cycles.  The  mean  latitude  of  the 
spots  observed  during  the  old  cycle  was  9°,  while  that  of  the  spots 

'  Hale,  Mount  Wilson  Communication,  No.  10;  Proceedings  National  Academy  of 
Sciences,  i,  385,  1915. 
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observed  up  to  that  date  during  the  new  cycle  was  23°.  It  there- 
fore seemed  possible  that  there  might  be  two  zones  on  the  sun,  of 
low  and  high  latitude,  in  which  the  polarities  of  spots  were  of 
opposite  sign. 

This  view  of  the  case,  however,  has  not  been  borne  out  by  time, 
as  the  results  given  in  Table  V  indicate.  The  percentage  of  irregu- 
lar spots  has  not  increased  materially  during  the  present  cycle, 
although  their  mean  latitude  has  decreased  from  22°  in  1913-1914 
to  14°  in  191 7.  The  maximum  of  solar  activity  has  also  definitely 
passed,  so  that  it  can  hardly  be  supposed  that  any  reversal  of 
polarity  will  be  observed  before  the  close  of  the  cycle,  unless  it 
should  be  found  to  lag  considerably  behind  the  maximum. 

DISCUSSION    OF   RESULTS 

The  present  investigation  should  ultimately  lead  to  the  formula- 
tion of  a  definite  law  of  sun-spot  polarities,  from  which  the  polarities 
of  normal  spots  of  any  type  can  be  predicted  for  either  hemi- 
sphere and  for  any  epoch  in  the  sun-spot  cycle.  We  already  know 
that  the  preceding  and  following  spots  of  binary  groups,  with  few 
exceptions,  are  of  opposite  polarity,  and  that  the  corresponding 
spots  of  such  groups  in  the  Northern  and  Southern  hemispheres  are 
also  opposite  in  sign.  Furthermore,  the  spots  of  the  present  cycle 
are  opposite  in  polarity  to  those  of  the  last  cycle  (see  Fig.  6,  in 
which  these  results  are  expressed  graphically).  It  is  evident,  how- 
ever, that  the  formulation  of  a  law  of  polarities  cannot  be  under- 
taken until  after  the  close  of  the  present  cycle,  when  it  will  be 
learned  whether  a  reversal  of  sign  is  actually  characteristic  of  the 
sun-spot  minimum. 

After  an  empirical  law  of  spot  polarities  has  been  formulated, 
the  problem  of  its  interpretation  will  remain.  The  possibility  of 
expressing  such  a  law  in  the  same  terms  that  apply  in  the  case  of 
terrestrial  storms  depends  ui)on  the  possession  of  data  still  beyond 
our  reach.  Thus  the  view  that  sun-spots  are  vortices  depends  upon 
the  assumption  that  the  magnetic  field  must  be  caused  by  elec- 
trically charged  i)articles  whirling  in  a  vortex.  Supposing  that  the 
existence  of  a  true  hydrodynamical  vortex  and  the  direction  of  the 
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whirl  within  it  can  be  determined  by  observations  of  the  Evershed 
effect,  or  in  some  other  way,  the  sign  of  the  dominant  charge  will 
follow  at  once  from  our  knowledge  of  the  magnetic  polarity  of  the 
spot  in  question.  Or,  if  the  sign  of  the  charge  can  be  independently 
found,  the  direction  of  the  whirl  will  follow. 

In  Hale's  first  paper  on 
the  Zeeman  effect  in  sun- 
spots,  the  sign  of  the  domi- 
nant charge  was  found  to  be 
negative  by  proceeding  on 
the  assumption  that  the  di- 
rection of  whirl  in  the  spot 
vortex  coincides  with  that  in 
the  hydrogen  vortex  above 
it.  A  long  series  of  observa- 
tions of  the  hydrogen  floc- 
culi  has  since  shown  that 
this  assumption  is  probably 
unwarranted.  A  good  ma- 
jority of  the  hydrogen  whirls 
associated  with  preceding 
spots  are  right-handed  in  the 
Southern  Hemisphere  and 
left-handed  in  the  Northern 
Hemisphere,  as  in  the  case 
of  terrestrial  storms,  but 
there  are  many  exceptions 
to  this  rule.  ^Moreover,  the 
hydrogen  whirls  showed  no 

reversal  of  direction  at  the  sun-spot  minimum,  and  during  the 
present  cycle  we  have  found  cases  in  which  either  right-handed 
or  left-handed  hydrogen  whirls  are  associated  w^ith  spots  of  a 
given  polarity.  The  whole  subject  is  so  complex  that  it  will  be 
advantageous  to  postpone  further  discussion  until  the  great  mass 
of  observational  material  at  our  disposal  can  be  more  exhaustively 
studied. 


Fig.  6. — Diagram  summarizing  the  results 
of  polarity  observations  of  sun-spots  during 
the  present  and  last  cycles.  The  arrow  indi- 
cates the  direction  of  the  sun's  rotation;  the 
letters  R  and  F,  the  components  of  a  normal 
triplet  transmitted  by  the  ''marked  strip"  of 
the  compound  quarter- wave  plate;  and  the 
algebraic  signs,  the  distribution  of  the  polari- 
ties between  the  preceding  and  following 
members  of  a  bipolar  group.  Unipolar  spots 
are  normally  of  the  same  polarity  as  the 
preceding  members  of  bipolar  groups  in  the 
same  hemisphere. 
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SUMMARY 

1.  The  magnetic  polarity  of  a  sun-spot  can  be  determined  by 
observations,  made  with  Xicol  and  quarter-wave  plate,  of  the 
relative  intensities  of  the  ;/-components  of  a  Zeeman  triplet  in  its 
spectrum. 

2.  Such  determinations  pf  polarity  can  be  made  at  almost  any 
position  on  the  sun's  disk,  but  certain  precautions  must  be  taken 
to  avoid  error  in  the  case  of  spots  near  the  limb. 

3.  The  inclination  of  the  lines  of  force  in  sun-spots  can  be 
measured  with  considerable  precision. 

4.  About  60  per  cent  of  all  sun-spots  are  binary  groups,  the 
single  or  multiple  members  of  which  are  of  opposite  magnetic 
polarity. 

5.  Unipolar  spots  usually  exhibit  some  of  the  characteristics  of 
bipolar  groups. 

6.  Before  the  last  sun-spot  minimum,  the  magnetic  polarity  of 
unipolar  spots  and  of  the  preceding  members  of  bipolar  spots  was 
positive  in  the  southern  and  negative  in  the  northern  hemispheres 
of  the  sun. 

7.  Since  the  minimum  these  signs  have  been  reversed. 

8.  The  paper  describes  a  scheme  of  classifying  sun-spots  on  the 
basis  of  their  magnetic  properties. 

9.  The  results  of  a  magnetic  classification  of  970  spots  observed 
during  the  years  1915-1917  are  briefly  summarized. 

Mount  Wilson  Solar  Observatory 
November  11,  1918 


THE  MOTIONS  IN  SPACE  OF  SOME  STARS  OF  HIGH 
RADIAL  VELOCITY^ 

By  WALTER  S.  ADAMS  axd  ALFRED  H.  JOY 

The  determinations  of  radial  velocity  made  at  the  Lick  and 
Mount  Wilson  observatories  during  the  past  few  years  have  added 
greatly  to  the  number  of  stars  known  to  have  large  velocities  in  the 
line  of  sight.  Most  of  these  stars  have  well-determined  proper 
motions  and  for  many  of  them  parallaxes  have  been  measured  by 
numerous  observers.  The  motions  in  space  of  these  stars  are  of 
interest  because  of  the  velocities  with  which  they  move  and  the 
wide  range  in  spectral  type  and  absolute  magnitude  which  is  found 
among  them. 

A  list  of  all  stars  with  radial  velocities  exceeding  80  km  for  which 
proper  motions  and  parallaxes  (derived  either  by  the  trigonometric 
or  the  spectroscopic  method)  are  known  is  given  in  Table  I.  The 
stars  are  numbered  consecutively,  and  the  successive  columns  give 
the  positions  for  1900.  their  apparent  visual  magnitudes,  spectral 
t}^es,  proper  motions  and  direction  of  proper  motion,  radial 
velocities  and  radial  velocities  corrected  for  the  solar  motion.  The 
latter  are  derived  from  the  apex  determined  by  Stromberg,^ 
Ao  =  2'jo°g,  Z>o=+29?2,  Fo  =  2i.5km.  The  apparent  magnitudes 
are  from  Harvard  determinations,  the  spectral  types  from  Mount 
Wilson  observations,  and  the  proper  motions  have  in  most  cases  been 
taken  from  the  catalogues  of  Boss  and  Porter.^  The  radial  velocities 
are  from  the  Lick  and  Mount  Wilson  determinations,  the  values 
being  combined  when  the  same  star  has  been  investigated  at  both 
observatories. 

The  parallaxes  of  all  of  the  stars  in  the  list  with  the  exception 
of  five  have  been  derived  from  the  absolute  magnitudes  determined 
spectroscopically  at  Mount  Wilson.     Small  systematic  corrections 

'  Contributions  from  the  Mount  Wilson  Solar  Observatory,  No.  163 
^  Mt.  Wilson  Contr.,  No.  144;  Astrophysical  Journal,  47,  7,  1918. 
^Publications  of  the  Cincinnati  Observatory,  No.  18,  Parts  1-4,  1915-1918. 
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No. 


Name 


a  (igoo)  '  6  (1900)  I      m 


Spec. 


3 
4 
S 

6 
7 
8 
9 
10 

II 
12 
13 
14 
15 

16 
17 
18 
19 
20 

21 

22 

23 

24 
25 

26 
27 
28 
29 
30 

31 
32 
33 
34 
35 
36 
37 


t  Andromedae 

\li  Cassiopeiae 

Lalande  1966 

Lalande  4855 

Lalande  5761 

W.B.  3*^17 
A.G.Berl.  1366 
Groom.  864 
Cordoba  5''243 
Lalande  9960 

^Ononis 
i  Leporis 

A.G.Berl.  1866 

Boss  1511 
6  Can.  Maj. 

Groom.  1281 
Lalande  15290 
Lalande  198  21 
Lalande  21185 
Groom.  1830 

Lalande  23995 
Lalande  27274 

/A.  Oe.  14318. 

\A.  Oe.  14320 
Lalande  28607 
A.G.Leid.  5734 

Boss  4188 
2  2173 
W.B.  I7''5i4 
Barnard's  Star 
31  b  .\quilae 

a  Vulpeculae 
Lalande  37120 
A.  Oe.  20452 

17  Cephei 
Boss  5482 

W.B.  2l''502 

W.B.  2i''S94 


o''33'?3 
I     1.6 

1  3-3 

2  32.6 

3  2.5 


35-3 

8.6 

34-5 

7-7 
14. 1 


5 

31 

4 

5 

47 

0 

5 

57 

3 

5 

SO 

2 

6 

49 

5 

7 

8 

4 

7 

47 

2 

10 

6 

?> 

10 

57 

9 

" 

47 

2 

12  47.9 

14  54.2 

15  4  7 
IS      4-7 

15  37-7 

16  n  .4 


+28°  46' 
+54  26 
+61  I 
+30  24 
+25  58 

—  3  32 
+22  6 
+41  56 
-44  39 

—  3   II 

+  9  14 
-20  5i 
+19  23 

—  26  17 
-II   55 

+47  25 
+30  55 
+24  IS 
+36  38 
+38  26 

-17   57 

—  21  36 

—  IS  59 
-15  54 
-10  36 
+32    24 


16  22.3       —    7    22 

17  25.2  -  o  59 
17  29.9  1+64 
17   5.?-0  I   +  4  28 


19  20.2 
19  24.5 

+  11  44 
+  24  28 

19  29.7 

+32  59 

20  17.7 

—  21  40 

20  43.3 

+61  27 

21  16.6 

+  23  26 

21  24.5 

—  12  56 

21  26.0 

+45  27 

5-3 
7.9 
7.2 


7.2 
8.9 
7.3 
9.2 
8.5 

4-4 
3  9 
9.0 

5.2 
4.2 

5.6 
8.2 
8.5 
7.6 
6.5 

8.2 
8.3 
9.6 
9.2 
7.3 
(8.3) 

5.4 
5-9 
8.6 
9-7 
5.2 

4.6 
6.6 
8.1 
3.6 
5.8 
9-1 
7-5 


G5 
Gs 
Fs 
F8 
A3P 

F6 

Fo 

G2 

G-K 

Ks 

G7 

G7 

F9 

K3P 

K4 

Go 

F7 

G2 

Ma 
G8 

F3 
F4 

Ko\ 
G8/ 
A2p 
K4 

Mb 

G6 

Fs 

Mb 

G7 

Ma 

ft 

G8 
Gg 
Ks 
G8 


0*336 
3.760 
0.638 
0.625 
0.861 

0.745 
0-54 
0.690 
8.75 
.0.721 

0.321 
0.696 
.76 


0 

104 

0 

137 

0 

184 

1 

962 

0 

414 

4 

779 

7 

047 

0 

877 

0 

78s 

3 

682 

I 

178 

0 

035 

0 

176 

0 

214 

0 

623 

10 

27 

0 

961 

0 

170 

0 

SI  7 

I 

182 

0 

826 

0 

252 

I 

052 

0 

56 

114. s 
86 
231 
194 

107 

125 

127 

131 

78 

163 
160 
129 
24 
264 

168 
158 
279 
187 
145 

IS9 
229 

196 
256 
145 

168 
215 
311 
356 
49 

227 
294 
IS4 
7 
123 
los 
50 


km 

-  84 

-  97 
-325 

-  99 

-144 

+114 
+339 
+  105 
+242 
+  86 

+  99 
+  99 

-  190 
+  183 
+  97 

+  88 

-  242 
+  81 

-  87 

-  97 

+  144 
+  160 

+300 


km 

-  81 

-  91 
-318 
-103 
-151 

+  99 
+328 
+  99 
+222 
+  68 

+  82 
+  78 

-  204 
+162 
+  77 

+  83 
-251 
+  77 

-  85 

-  92 

+  144 
+  168 

+310 


-170   -157 
—  164   —144 


+  97 

-  81 
-148 

-  106 

-  98 

-  86 

-  162 
-179 

-  87 

-  88 

-  90 

-  83 


+112 

-  63 
-129 

-  87 


-  66 
-142 
-168 

-  71 

-  73 

-  81 

-  67 


have  been  applied  to  these  values  in  accordance  with  an  unpub- 
lished investigation  by  Stromberg.  These  corrections  are  as  yet 
provisional  and  in  nearly  all  cases  their  influence  is  slight.  The 
directly  measured  parallaxes  have  been  used  in  the  case  of  stars 
numbered  5,  9,  23,  24,  and  2q.  For  star  No.  27,  which  is  a  close 
vi.sual  binary,  the  apparent  magnitude  of  the  brighter  component 
has  been  employed.  The  derivation  of  the  parallaxes  is  from  the 
formula  log  7r  =  o.2(M  — ;«)  —  i,  and  the  values  of  the  absolute 
magnitude  and  parallax  are  given  in  the  second  and  third  columns 
of  Table  II. 
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M 


y 


+  o.g 
+  5.7 
+  3-9 
+  4.4 
+  6.0 

+  4-4 
+  3.0 
+  6.0 
+11. 7 
+   70 

+  1.0 
+  1.4 
+  5.6 
+  0.6 


+  5-5 

+  5.0 

+  6,0 
+10.8 

+  6.5 

+  3.6 

+  3.8 


23- 

24- 
25- 

26. 

27- 

28. 
29- 
30. 

31- 

32- 

a- 

34- 
35- 
36. 
37. 


/+  7 

:i 

1        7 

+  4 

Q 

+  0 

I 

—  0 

6 

+   S 

I 

+  4 

4 

+13 

4 

+   S 

4 

+  0 

4 

+   S 

I 

+  4 

0 

+  3 

0 

0 

0 

+  8 

7 

+  5 

9 

+0.019 
0.120 
0.016 
0.028 

0.039 

0.028 
0.007 

0.055 

o  319 
0.050 


009s 
0.023 
0.032 

0.437 
O.IOO 

0.012 
0.013 


0.033 

0.002 

0.006 
0.069 
0.014 
0.540 

O.IIO 

0.014 

0.050 
o.ois 
0.076 
0.007 

0.083 

0.048 


211 
112 
152 
275 
247 

103 
1 01 
94 
123 
121 


116 

217 
"5 
328 
243 

266 
IS6 
200 

98 
33 

266 
86 

130 
92 
94 

158 

134 
96 

136 
63 

112 


-29 
-42 
—47 
—40 

—  54 

-13 

-  8 
+29 
-59 

+  12 


0.021 

94 

-26 

0.032 

126 

-66 

0.021 

230 

-36 

0.012 

95 

-13 

0.012 

69 

—  10 

+54 
-70 
+35 
-61 
-50 

-66 
-45 
-64 
o 
-51 

-51 
—  I 
+31 
+45 
+11 
-42 

-24 
-36 
-29 
-39 
+  9 
-17 


km 
+  26 
-IIS 
-155 
+  117 
+  89 

-148 
-489 

-  93 

-  121 

-  87 

-  92 

-  45 
+  134 

-  163 

-  77 

-  47 
+  73 

-  73 
+  31 
+180 

+  143 
-128 

+  38 

-  221 

-  40 

+  101 

-  61 
-182 

-  92 

-  86 

-  36 

-116 
-314 

-  60 

-  107 

I  -  88 

-  73 


km 

—  70 
-103 
—326 

—  92 
-155 

—  34 

—  63 
+  52 

—  219 

+  3 


km 


+  49 

-  35 

-  13 

-  II 

-  28 
+  14 

-  57 
+  38 


km 
87 
156 
364 
153 
179 


494 
108 
257 
95 


-  35  I  -  29 

—  116  I  —  31 
+  74 


-  26 

+  7 

+  54 
-457 
+  38 

-  58 
-301 

—321 

-  289 

-489 

+   4 

-  71 


-  30 

-  49 

+  43 

-  70 
+  41 

-  68 
+  2 

-  122 
+  62 


—  144 


-128  ,  -  35  , 
+  6  i  -  14  i 
+  68  I  +148  I 
+  89  I  +  30  I 

+  20  i  —  2  j 

-  78  !  +  23 


+  40 
-130 
+  19 
-123 
+  23 
+  12 


-194 

-  56 

-  60 

+  5 

-  3i 


84 

467 

91 

95 

351 

372 
322 


221 
166 

167 
63 
24s 
132 
89 
89 

152 

391 

84 

174 

91 

81 


290°  +30° 

222  —10 

245  +  8 

322  -13 

300  -  4 

193  -  4 

187  -  3 

151  +7 

241  -13 

178  +24 


102 

200 

-16 

128 
262 
168 

249 

302 
189 

-14 

+16 

—  10 

91 

175 

-ii 

131 

279 
153 


294 

246 


+31 

-  9 

+  27 
-46 


-19 

+  11 


179 

241 

308 
174  I 
159  I 
136 
167 
245  1 

217 
212 
223 
209 
177 
204 


—  2 
-60 

—  12 
-13 
+37 
+13 

—  I 
15 

+  15 
-19 
+  13 
-45 
+15 
+   9 


The  computation  of  the  equatorial  velocity-components  referred 
to  the  sun,  ^,  rj,  and  ^,  has  been  made  from  the  formulae 

k 
^=V  cos  a  cos  5  —  (pi  sin  a+yn,  cos  a  sin  6) 

TT 
k 

77=  V  sin  a  cos  8-\--(ijli  cos  a— 1x2  sin  a  sin  6) 


K 

i*=r  sin  5+   Ai2  cos  5 

TT 

In    these    expressions    V   is    the    radial    velocity,   ^  =  4.737    and 
Mi  =  Ma  cos  d,  H2  =  f^5  where  Ha  and  ^5  are  the  components  of  the 
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proper  motion.     To  reduce  these  values  to   the  usually  adopted 
centroid  of  the  stars  by  eliminating  the  solar  motion,  we  put: 


^0=  I'o  cos  .4o  cos  Do 
r]o—  Vo  sin  Ao  cos  Do 
f 0  =  T'o  sin  Do . 


in  which  Vo  is  the  solar  motion,  and  Ao  and  Do  the  right  ascension 
and  declination  of  its  apex.  We  then  have  for  the  equatorial 
components  of  the  star's  space-velocity, 

^1  =  ^+^0  =  "^'  cos  A  cos  D 
r]i  =  r]-\-r]o  =  v  sin  A  COS  D 
fi  =  f+fo  =  i'  sin  D 

From  these  equations  we  calculate  not  only  ^i,  tji,  and  ^i.  but  also  v, 
A,  and  D,  the  space-velocity  of  the  star  and  the  co-ordinates  of  its 
apex.     Using  the  values  already  referred  to  we  have 

^0  =  0,        rjo=  —  ig,        fo  =  +  io 

The  components  of  velocity  with  reference  to  the  galactic  system 
are  found  from  the  equations 

x  =  v  cos  L  cos  5  = +0.1846  ^1  —  0.9828  r]i 
y  =  v  sin  L  cos  5  =  +0.4494  ^1+0.0844  771+0.8893  ft 
z  =  v  sin  B  =  —0.8740  ^,  —  0.1642  7?i+o.4573  fi 

^»^  =  .v^+3'^+s^ 

'J"hc  numerical  coefficients  result  from  the  assumed  values  a  =  iqo?6, 
5  =  +27?2  for  the  pole  of  the  galaxy. 

The  results  of  the  computations  are  given  in  Table  II.  A  and 
D  are  the  right  ascensions  and  declinations  of  the  apices,  x,  y,  and  z 
the  components  of  velocity  referred  to  the  galaxy,  v  is  the  total 
velocity,  and  L  and  B  the  galactic  co-ordinates  of  the  apices.  The 
values  are  shown  graphically  in  Fig.  i,  the  plane  used  being  that 
of  the  galaxy.  The  apices  are  shown  in  projection,  and  the  vectors 
drawn  from  the  origin  represent  the  direction  and  amount  of  motion 
in  this  plane. 
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Some  of  the  conclusions  to  be  drawn  from  these  results  may  be 
summarized  as  follows: 

I.  The  components  of  velocity  normal  to  the  plane  of  the  galaxy 
are  much  smaller  than  those  in  the  plane.  Thus  we  find  from 
Table  II  the  average  values: 


.v=ii5km,         T=ii9km, 
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Fig.  I. — Projection  on  galactic  plane  of  apices  of  motion  of  thirty-seven  stars 
of  high  radial  velocity.  The  vectors  drawn  from  the  origin  represent  the  projected 
velocities  in  km  per  sec.  The  axes  of  the  ellipse  of  intersection  of  the  velocity- 
ellipsoid  with  the  galactic  plane  are  indicated  by  the  two  arrow-headed  lines. 

The  same  result  follows  from  a  consideration  of  the  latitudes  B  of 
the  apices.  The  latitudes  of  only  six  of  the  thirty-seven  stars 
exceed  30°. 

2.  Nearly  an  entire  hemisphere  is  devoid  of  apices,  the  galactic 
longitudes  all  lying  between  131°  and  322°. 
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3.  The  velocity  of  the  centroid  of  these  stars  is  remarkably 
high.  Thus  omitting  those  with  total  velocities  greater  than 
300  km  we  find  from  the  remaining  twenty-nine  stars : 

.T=— 5g.5km         v=— 44.5  km         s=— 4.4  km 
v=     74.4km  L  =  2i'j°    .  5  =—3° 

4.  If  we  project  the  velocities  of  these  twenty-nine  stars  upon 
axes  through  this  center  such  that  the  sum  of  the  squares  of  the 
projected  velocities  is  a  maximum  and  a  minimum  we  find  the 
following  directions'  and  the  mean  square  dispersion  a : 


Maximum:        L  =  i4i° 

B  =  +  9° 

a=  100  .6  km 

Minimum:        L=   61° 

5=-4Q° 

(T=   46  . 1  km 

Intermediate:  L=  43° 

5  =  +39° 

(7  =   61.4  km 

The  directions  of  the  smaller  axes  are  necessarily  uncertain.  Thus 
it  is  clear  that  the  eft"ect  of  stream  motion  among  these  stars  is  very 
marked. 

5.  It  is  of  interest  to  note  that  the  direction  of  the  major  axis 
as  derived  from  these  stars  is  in  close  agreement  with  that  found  by 
Stromberg  from  a  discussion  of  the  radial  velocities  of  260  dwarf 
stars  (£=148°,  B=-i-i4°),  and  that  of  Raymond^  from  559  stars 
of  large  proper  motion  (£=146°,  B=-\-S°).  All  three  of  these 
investigations  agree  in  indicating  that  the  galactic  longitude  of  the 
principal  vertex  for  the  stars  of  high  velocity  is  considerably  less 
than  that  for  stars  in  general,  which  is  about  170°. 

6.  An  interesting  feature  of  the  results,  but  one  which  must  be 
accepted  with  some  reserve,  is  the  apparent  tendency  of  the  stars 
to  move  along  a  line  of  galactic  longitude  about  260°,  the  assumption 
being  made  of  a  motion  of  the  centroid  oix=  —  100  km,  y  =  —  20  km. 
This  direction  coincides  nearly  with  that  of  the  greatest  star- 
density  as  determined  by  Charlier,  Walkey,  Nort,  and  Plummer. 

7.  Reference  may  perhaps  also  be  made  to  the  tendency  shown 
by  the  stars  of  the  very  highest  velocity  (over  300  km)  to  move 
along  a  line  parallel  to  that  of  the  major  axis,  referring  the  motion 

'  The  intersection  of  this  velocity-ellipsoid  with  the  galactic  plane  is  indicated  in 
Fig.  I  by  straight  lines  which  show  the  axes  of  the  ellipse  of  intersection. 
^  Astronomical  Journal,  iO,  iqi.  1917. 
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to  their  common  center.  Thus  all  of  the  stars  omitted  from  the 
previous  discussion  show  a  very  fair  degree  of  alignment  with  the 
direction  of  the  principal  axis  as  given  in  Fig.  i. 

8.  A  marked  difference  is  seen  in  the  average  galactic  latitudes 
of  the  apices  of  the  stars  of  high  and  low  luminosity,  the  latter  lying 
more  nearly  in  the  plane  of  th^  galaxy.  Thus  if  we  select  the  stars 
of  absolute  magnitude  brighter  and  fainter  than  3  .0  we  find: 


Average  M 

g  Stars +0.4 

28  stars 5.9 


Average  B 
26° 
14° 


The  galactic  latitudes  of  the  apices  of  only  four  of  the  fainter  stars 
exceed  26°. 

9.  A  similar  result  is  found  for  the  average  velocities  of  the  stars 
of  high  and  low  luminosity,  the  latter  stars  moving  more  rapidly. 


Average  M 

9  Stars +0.4 

28  stars 5.9 


Average  ;■ 

130  km 
216  km 


10.  An  examination  of  the  spectral  t\pes  of  these  stars  shows 
that  an  extraordinarily  large  proportion,  twenty-six  out  of  thirty- 
seven,  are  of  types  F  and  G.  The  stars  of  type  F  have  by  far  the 
largest  average  space  motion,  nearly  double  that  of  the  stars  of  type 
G.  The  comparison,  which  is  of  little  weight  for  t>pes  A,  K  and 
M,  gives: 


No.  of  Surs 

Type 

Average  v 

Average  V 

2 

G 
K 
M 

km 
200 
307 
156 

122 
121 

km 
115 
187 
104 
106 
88 

II 

i; 

5 

4 

Among  the  stars  of  t>pe  F  it  is  of  interest  to  note  that  those 
of  earlier  spectrum  show  the  largest  velocities.  Thus  the  six  stars 
with  spectra  between  Fo  and  F5  inclusive  have  space  motions  of 
364,  494,  372,  322,  245,  and  391  km,  an  average  value  of  365  km. 
The  average  value  of  V'  for  these  stars  is  209  km. 

Mount  Wilson  Solar  Observatory 
January  1919 


THE  ORBITS  OF  THREE  SPECTROSCOPIC  BINARIES' 

By  WALTER  S.  ADAMS  and  ALFRED  H.  JOY 
THE    ORBIT    OF    BOSS    593 

The  two  stars  Boss  592  and  593  (a  =  2^  31  ""2;  5  =  +24°  13'; 
1900)  form  the  well-known  double  star  30  Arietis,  or  2  5,  with  a 
distance  of  38"  and  a  common  proper  motion  of  o"i46  annually. 
The  visual  magnitudes  of  the  stars  are  7.4  and  6.6  respectively, 
and  the  spectral  types  are  very  similar,  being  F5  and  F4  according 
to  our  most  recent  determinations.     The  brighter  star  of  the  pair, 
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Boss  593,  was  found  in  191 6  to  be  a  spectroscopic  binary,  and  the 
number  of  spectrograms  is  now  sufficient  to  make  a  determination 
of  its  orbit  readily  possible. 

All  of  the  spectrograms  were  secured  with  the  Cassegrain 
spectrograi)h  and  the  60-inch  reflector,  a  disi)ersion  of  one  prism 
and  a  camera  of  18  in.  (45.  7  cm)  focal  length  being  used  throughout 
the  observations.  The  spectrum  is  not  of  the  best  quality  for 
measuremenl,  and  tlu-  lines  are  broad  and  somewhat  hazy.     For 

'  Coiilribidions  from  the  Moiiiit  Wilson  Solar  Observatory,  No.  164. 
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this  reason,  and  because  of  the  low  dispersion  employed,  the  com- 
putation of  the  orbit  has  been  based  upon  normal  positions,  the 
radial  velocities  for  spectrograms  taken  at  nearly  the  same  phase 
being  combined  to  give  mean  values. 

Since  the  observations  extend  over  an  interval  of  three  years, 
it  has  been  possible  to  determine  the  period  with  considerable 
accuracy.  This  is  found  to  be  closely  9.851  days.  With  the  aid 
of  this  period  the  phases  have  been  determined  and  the  radial 
velocities  combined  into  the' normal  values  given  in  Table  I.  The 
epoch  selected  is  December  20.0,  1917,  Julian  day  2421583.0  G.M.T. 

TABLE  I 


No. 

No.  of 
Plates 

Phase 

V 

0-C. 

0-C, 

0-C, 

I 

2 

3 

4 

5 

6 

7 

8 

2 
2 
2 

3 
4 
4 

I 
2 

2 

I 
2 
2 

Days 
0.910 
2.008 

2-531 
2.931 

3-551 
4.188 
5.081 
6.778 
7-759 
8.207 
8.976 
9.784 

km 
+36.2 
+  29.4 
+  21  .0 
+  14.2 
+    4.3 

-  5-3 
-10.5 
+  3-8 
+  17-6 

+  22.3 
+  26.0 
+31-5 

km 
+  I.I 
+0.8 
-0.4 
-0.4 
+0.6 
0.0 

-0-5 

—  1.2 
+  1.0 

+  1-3 

—  1 .2 
-0.8 

km 
+  2.1 
+  1-0 
-0.9 

—  I.I 

+  0.3 
+  0.2 

—  I.I 
-13 

+  1.6 

+  1.7 

—  1.2 
-0.7 

km 

+  1-5 
+0.9 
-0.8 
-0.9 
+0.5 
+0-5 
-0.4 
—0.9 

9 

10 

+  1.5 
+  1-3 

II 

-1.8 

12 

—  1.4 

The  method  of  calculation  adopted  is  that  involving  the  use  of 
a  Fourier's  series,  the  details  of  which  are  given  by  Plummer,^ 
Russell,-  and  others.  The  mean  radial  velocities  and  phases  of 
Table  I  were  plotted,  and  a  smooth  .curve  was  drawn  through  the 
corresponding  points.  From  this  curve  were  read  off  the  radial 
velocities  Fo,Fi  ....  Fix  for  each  twelfth  part  of  the  period.  The 
following  equation  was  then  assumed : 

•  V  =  bo-\-bi  cos  r+&2  cos  2T-\-a^  sin  T+O2  sin  2r. 

The  value  of  r  being  30°,  the  computation  of  the  coefficients  is 

made  readily  from  the  relationships 

II  II  II 

K  =  i^S  Vn ;   ^i  =  6 S  Vn  cos  n.7,o° )   bi  =  is F„  cos  n .  60° ;   etc. 

00  o 

^  Astro  physical  Journal,  28,  212,  1908.  ^  Ibid.,  15,  252,  1902. 
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The  resulting  value  for  the  series  is: 

F=  + 14. 42+21. 31  cos  T  — 3.08  COS  27+4.96  sin  7+15.  i  sin  it. 

The  normal  values  of  the  radial  velocities  are  well  represented  by 
this  expression,  as  the  residuals  given  in  Table  I  under  O— Ci  show. 
Approximate  values  of  the  elements  may  be  derived  from  the 
coefficients  of  this  series  by  means  of  the  relationships  given  by 
Plummer.  Neglecting  the  second  and  higher  powers  of  the  eccen- 
tricity we  find : 

7^  +  14.4  km 
A'  =  2 1 . 9  km 
co=i27?6 
e  =  o.i57 

r  =  J.D.  2421586.86 
P  (assumed)  =  9.851  days 
a  sin  i=  2,925,000  km 
nii^  sin^  i 


{m-\-m^ 


=  0.010  O 


The  values  of  the  radial  velocity  calculated  from  these  elements 
show  the  differences  from  the  observed  values  given  in  Table 
I  under  O— C^. 

Although  this  representation  is  satisfactory  in  view  of  the  degree 
of  accuracy  obtained  in  the  measurements  of  the  radial  velocity, 
it  seemed  desirable  to  carry  out  a  least-squares  solution  for  the 
purpose  of  obtaining  the  probable  errors  of  the  various  elements. 
In  this  solution  the  period  P  was  assumed  to  be  constant,  and  cor- 
rections were  determined  for  70,  w,  c,  K,  and  T.  The  final  values 
of  the  resulting  elements  are  as  follows: 

7  =  +  i4.42±o.  71  km 
A' =  22.48^0.47  km 
00=  i29?6=*=7?3 
e  =  o. 1455^0.0185 

r=j.D.  2421586.899^0.196 

a  sin  1  =  3,012,700  km 
w,^  sin^  i  ^ 
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The  differences  between  the  observed  radial  velocities  and  those 
computed  from  these  elements  are  shown  in  Table  I  under  O— C3. 

The  parallax  of  Boss  593  has  been  determined  by  van  Maanen 
and  by  ]\'Iiller.  The  weighted  mean  of  the  results  gives  an  absolute 
magnitude  of  4.  2. 

THE    ORBIT   AND   ABSOLUTE    DIMENSIONS    OF   W   IIRSAE   MAJORIS^ 

The  variable  star  W  Ursae  Majoris  (a  =  9^  36^7;  b  =  +56°  25'; 
1900)  has  attracted  much  interest  since  its  discovery  in  1903  by 
Miiller  and  Kempf,  who  found  its  light  to  vary  in  the  unusually 
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short  period  of  four  hours.  The  variation  was  found  to  be  con- 
tinuous, with  very  sharp  minima  and  rather  flat  maxima.  The 
peculiar  shape  of  the  light-curve  led  Russell  to  apply  the  theory 
of  an  eclipsing  binary,  and  he  thus  found  that  the  star's  light- 
changes  might  be  accounted  for  by  assuming  that  the  period  should 
be  doubled,  and  that  the  primary  and  secondary  ecHpses  produced 
equal  minima.  This  result  has  not  been  as  widely  accepted  as  the 
evidence  would  warrant,  probably  on  account  of  the  exceptionally 
short  period  and  the  spectral  type,  which  was  given  by  the  Harvard 
observers  as  Go.  Hence  the  star  is  still  given  in  some  lists  as  a 
Cepheid  or  cluster-type  variable. 

'  An  abstract  of  this  paper  was  read  at  the  meeting  of  the  American  Astronomical 
Society,  August  20-22,  1918. 
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The  star  was  placed  on  the  ^Mount  Wilson  spectrographic 
obsen-ing  list,  together  with  other  stars  of  the  later  tx-pes  having 
measured  trigonometrical  parallaxes,  for  the  determination  of 
absolute  magnitude  and  parallax.  Ten  plates  were  secured  from 
December.  1917.  to  March.  1918.  with  exposures  varying  from 
30"  with  the  7-inch  camera  to  2^  15™  with  the  18-inch  camera. 
The  spectra  of  both  components  appear,  the  lines  of  the  primary 
being  slightly  stronger  than  those  of  the  secondary.  The  spectrum 
is  most  extraordinary.  It  appears  to  belong  to  the  solar  t}pe  and 
might  be  classified  as  FBp.  The  faint  lines  are  entirely  obliterated, 
and  the  strong  lines  are  so  widened  and  weakened  that  measures  for 

TABLE  n 


Plate 


Date 


G.M.T. 


Exp. 


Phase 


\'elocity  of 
Primary 


Velocity  of 
Secondare 


6417.  . 
6433  ■ 
6443*- 
6521 . . 

6S24t. 
6526. . 
6538.. 
6692. . 
6695. . 
6S20.  . 


1917  Dec.   I 


1918  Jan. 


Feb.   I 

I 

March  31 


22°45° 

22  35 

0  13 

1  13 
19  15 

23  IS 

23  II 

19  50 

23  55 

20  35 


135" 

6^4 

60 

6.1 

"5 

0.1 

45 

0.2 

30 

2.2 

30 

6.2 

38 

6.1 

56 

2.1 

60 

6.2 

70 

1.6 

km 

—  170 
-130 


-l-i6o 

-150 
—  100 

-f-I20 
-130 
-|-IIO 


km 

4-190 
+  190 


(-260) 
-f-200 

-i-i8o 
-170 
+  130 
-230 


*  Lines  of  two  spectra  blended.     Measured  r=  +50  km. 
t  Lines  of  two  spectra  blended.     Measured  V  =  o  km. 


velocity  and  estimates  of  line-intensity  can  be  made  onl}'  with  the 
greatest  difficulty.  The  results  accordingly  are  given  only  as  the 
best  approximations  which  can  be  determined  from  the  plates. 
The  results  of  the  spectrographic  measures,  together  with  the 
photometric  orbits  by  Russell  and  Shapley,  show  that  the  unusual 
character  of  the  spectral  lines  is  due  partly  to  the  rapid  change  in 
velocity  during  even  our  shortest  exposures  but  mainly  to  the  rota- 
tional effect  in  each  star,  which  may  cause  a  difference  of  velocity 
in  the  line  of  sight  of  as  much  as  240  km  between  the  two  limbs 
of  the  star. 

Table  II  gives  a  summary  of  the  observations.     Three  plates 
were  taken  at  maximum  light  when  the  primary  star  was  receding, 
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five  at  the  opposite  maximum  when  the  primary  was  approaching, 
and  two  near  the  even  minima.  The  phases  were  computed  from 
the  recent  Hght-elements  by  Shapley  and  Van  der  Bilt/  using  the 
period  of  0.3336392  day.  The  velocities  are  corrected  to  give  the 
effective  velocity  for  the  whole  exposure  and  are  rounded  off  to 
the  nearest  ten  kilometers  on  account  of  the  character  of  the 
spectrum.  They  are  the  means  of  the  measures  of  three  and  in  a 
few  cases  of  four  observers.  On  plate  6524  the  second  component 
was  measured  by  only  one  observer,  and  the  value  is  omitted. 

The  following  orbital  elements  were  determined  after  grouping 
the  observations  according  to  phase  and  assigning  weights  accord- 
ing to  the  character  of  the  lines: 

Eccentricity,  e  (assumed)  =0.00 
Velocity  of  center  of  mass,  7=  —5=^  13  km/sec. 
Semi-velocity  range  of  primar}^  Ki  =  i2,A^S  km/sec. 
Semi-velocity  range  of  secondary,  ^"2  =  188=^  15  km/sec. 
Radius  of  orbit  of  primar>%  Oi  sin  i  =  610,000  km 
Radius  of  orbit  of  secondary,  O2  sin  z  =  860,000  km 
Mass  of  primar\',  Wi  sin^  j  =  o.  67  O 
Mass  of  secondary,  Wz  sin^  /  =  o.48  O 

Ratio  of  masses, —  =  o.  71  O 

With  the  aid  of  Russell's  solution  of  the  photometric  orbit  as 
given  by  Shapley^  we  may  now  compute  the  absolute  dimensions 
of  the  orbit  and  the  individual  stars  and  find  the  masses  and  densi- 
ties of  each  star,  thus  giving  data  which  are  known  for  only  a  very 
few  stars. 

Taking  the  "uniform''  solution  which  Russell  suggests  as  the 
most  probable  because  of  the  color-indexes  found  by  Shapley,  we 
note  that  the  stars  are  ellipsoids  with  the  same  dimensions.  The 
inclination  i  =  77°  t,s',  and  the  ratio  of  the  axes  of  the  ellipsoids 
are  given,  whence  we  find: 

Radius  of  the  primar\'  orbit  =  620,000  km 
Radius  of  the  secondary  orbit  =  880,000  km 

'Ml  Wilso>i  Contr.,  Xo.  140;  Astrophysical  Journal,  46,  290,  1917. 
'  Contributions  from  Princeton  Observatory,  Xo.  3. 
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Radius  of  the  relative  orbit  =  1,500,000  km 

Greatest  semi-axis  of  each  star  =  548,000  km  =  o.  78  sun's  radius 

Intermediate  semi-axis  of  each  star  =  408,000   km  =  0.58   sun's 

radius 
Polar  semi-axis  of  each  star  =  3 73, 000  km  =  o.  54  sun's  radius 
Mass  of  primar}' =  o .  69  O 
Mass  of  secondary  =  o .  49  G 
Density  of  primary-  =  2.8© 
Density  of  secondar>-=  i .  9  O 

The  densities  are  remarkable  as  being  the  highest  known  in  any 
stellar  system.  The  projected  surface  area  of  the  two  stars  is 
equal  to  about  90  per  cent  of  the  sun.  If  we  should  assume  that 
the  same  surface  luminosity  prevails  on  the  stars  as  on  the  sun,  as 
we  should  expect  in  similar  spectral  types,  the  absolute  magnitude 
would  be  about  4.8  (calling  the  sun  5.0)  and  the  parallax  o''o24. 

The  trigonometric  parallax  has  been  measured  at  the  Yerkes 
Observatory  and  found  to  be  o!'oi2,  corresponding  to  an  absolute 
magnitude  of  t,.^^,  and  our  rough  estimates  from  the  very  poor 
spectral  lines  seem  to  agree  with  it.  If  then  we  accept  the  measured 
parallaxes,  we  find  the  surface  luminosity  of  the  stars  to  be  four 
times  that  of  our  sun. 

THE    ORBIT   AND   ABSOLUTE    DIMENSIONS    OF    Z    HERCULIS 

The  Algol  variable  Z  Herculis  (a  =  17''  53'"6;  8  =  +15°  9';  1900) 
is  well  known  because  its  period  is  so  nearly  equal  to  four  days 
that  it  has  been  found  difficult  to  make  complete  observations 
of  its  light  and  velocity  changes  at  any  one  observatory.  In  the 
course  of  the  observation  of  stars  with  measured  parallaxes  nine 
spectrograms  have  been  secured  at  Mount  Wilson.  These  observa- 
tions have  been  timed  in  such  a  way  that  they  allow  a  determina- 
tion of  the  spectrographic  orbit,  if  it  is  assumed  to  be  circular 
in  accordance  with  the  photometric  orbit  computed  by  Shapley.' 
Both  the  photometric  and  spectrographic  results  indicate  that  in 
general  the  Algol  variables  move  in  orbits  which  are  nearly  circular. 
The  star  R   Canis  Majoris,^  ^  =  0.138,  is  the  only  one  thus  far 

'  Coitlribiiliotis  from  Princeton  Observatory,  No.  3,  p.  icxj. 

'  Jordan,  Publications  of  the  Allegheny  Observatory,  3,  49.  191 2. 
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found  to  have  an  eccentricity  of  more  than  o.ioo.  Plate  6942, 
which  was  taken  near  minimum  of  hght,  was  of  inferior  quality 
and  was  not  used  in  the  solution. 

Two  spectrograms  taken  by  Frost'  in  1905  give  velocities  which 
fall  fairly  well  on  our  curve  and  show  that  the  period  has  been 
accurately  determined.  Our  photographs  show  the  presence  of 
two  spectra  of  ty-pe  F2.     The  hnes  of  the  secondary  spectrum  are 
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-only  about  one-half  as  strong  as  those  of  the  primary,  and  man}' 
are  poorly  defined  or  not  seen  at  all  on  some  of  the  plates.  The 
orbit  of  the  secondary  is  consequently  less  accurately  determined. 
Although  the  results  show  that  there  is  a  marked  difference  in  sur- 
face luminosity  between  the  two  stars,  the  spectra  appear  to  be 
essentially  of  the  same  tj-pe.  The  rotational  effect  is  so  small 
that  the  spectral  lines  are  fairly  sharp,  and  measures  of  the  pri- 
mary show  good  agreement.  The  velocity  of  the  center  of  mass  is 
unusually  large. 


Aslro physical  Journal,  22,  214,  1905. 
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The  following  elements  were  determined,  the  orbit  being  assumed 
to  be  circular: 

Photometric  period,  P  =  3. 99 2775  days  (Lehnert) 
Eccentricity,  e  =  o.oo  (assumed) 
Velocity  of  center  of  mass,  7=  —46.5^0.3  km  /sec 
Semi-velocity  range  of  primary,  Ki  =  88.  2=»=o.4  km/sec 
Semi- velocity  range  of  secondary,  K2=  loi .  8=*=  i .  4  km/sec 
Radius  of  primary  orbit,  d  sin  z"  =  4,800,000  km 
Radius  of  secondary  orbit,  02  sin  z'  =  5,600,000  km 
Mass  of  primary,  m^  sin^  ?  =  i   5  O 
Mass  of  secondary,  m^  sin^  ^  =  i  •  3  O 

Ratio  of  masses,  ^  =  0.86 

The  photometric  orbit  has  been  computed  by  Shapley^  from 
observations  by  Wendell  at  Harvard.  On  account  of  the  peculiarity 
of  the  period  the  observations  of  different  portions  of  the  light- 
curve  had  to  be  made  in  different  seasons,  but  the  results  were 


TABLE  III 


Plate 

Date 

G.M.T. 

Phase 

V.           1           .. 

6265 

1917  Oct.      5 

6 

26 

Nov.    4 

191 8  May  25 

27 

28 

June  24 

July  18 

1 5  •'46™ 

15  44 
14  13 
14  38 
19  10 
18  40 
21     5 

16  55 
16  17 

Days 
0.514 
I. 512 
1.466 
2.507 
I   075 
3  054 
0.162 

3  031 
3  049 

km 
—  106.0 

km 
+    27.1 

627^ 

—  106 
-113 
+    17 
-134 
+  39 

8 
0 
4 
9 
5 

+    27.5 

6300 

+    28.6 

6^57 

—  114.7 

daxi. 

+   580 

6q^0 

—  152.7 

—    47.2 

7070 

+  43 
+  39 

7 
8 

-137.0 

Tix± 

—  146.4 

considered  fairly  reliable.  The  "uniform"  solution  gives  a  grazing 
total  eclipse  and  the  "darkened"  solution  a  partial  eclipse,  with  the 
larger  star  in  front  in  both  cases.  The  larger  star  is  the  fainter. 
The  secondary  eclipse  is  very  shallow.  Combining  the  results  of 
the  spcctrographic  ob.servations  with  the  ]>hotometric  we  obtain 
the  absolute  dimensions  of  the  orbits  and  of  the  individual  stars. 

"  Coiitribtilions  from  Princeton  Observatory,  No.  3,  1915. 
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The  photometric  observations  are  not  sufficient  to  give  the  relation 
of  the  axes  of  the  elKpsoids. 

TABLE  IV 


'Uniform"  Solution 


'Darkened"  Solution 


Inclination  of  orbit 

Radius  of  primary  orbit 

Radius  of  secondary  orbit . 

Radius  of  relative  orbit  or  distance  of 

centers 

Radius  of  bright  primary  star 

Radius  of  faint  secondary  star 

Mass  of  primary 

Mass  of  secondary 

Density  of  primary 

Density  of  secondar>' 


83°  40' 
4,870,000  km 
5,620,000  km 

10,490,000  km 
1,020,000  km 
2,170,000  km 
1.5    O 
1.3   o 
0.5   o 
0.05  o 


82°  o' 
4,880,000  km 
5,640,000  km 

10,520,000  km 
1,230,000  km 
2,290,000  km 
1.6    O 
1.3    O 
0.3    O 
0.04  O 


The  absolute  magnitude  of  the  brighter  star  determined  from 
the  spectra  is  +2.4,  indicating  a  parallax  of  o''oio,  which  is  in 
good  agreement  with  the  h}^othetical  parallax.  The  trigonometric 
parallax  as  determined  at  the  Yerkes  Observatory  is  +©''033 . 


Mount  Wilson  Solar  Observatory 
February  1919 


Minor  Contributions  and  Notes 

THE  SPECTRUM  OF  COMET  MELLISH  (1915a) 

Two  series  of  objective-prism  plates  were  taken  at  this  observa- 
tory, beginning  June  5  and  ending  August  20,  191 5.  The  series 
by  Mr.  R.  Winter  was  taken  with  a  6o°-prism  attached  to  a  two- 
inch  lens  of  six  inches  focal  length,  giving  a  linear  dispersion  of 
9  mm  between  X  3600  and  X  5200.'  The  other  series,  by  Mr.  F. 
Symonds,  was  taken  with  a  20°-prism  placed  before  a  five-inch 
lens  of  25  inches  focal  length,  giving  about  three-fourths  as  much 
dispersion.^  The  plates  are  CapeUi,  extra  rapid.  Tables  I  and  II 
give  a  brief  record  of  the  plates. 

This  series  includes  plates  taken  in  July  and  August,  but  the 
images  are  weak  and  show  practically  nothing  of  the  tail. 

The  spectrum  of  a  star  giving  the  usual  hydrogen  lines  was 
selected  as  a  standard  of  dispersion  for  the  plate,  and  a  bright 
knot  at  the  violet  end  of  the  comet  spectrum  was  assumed  to  be 
at  X  388.  Simple  estimation  of  the  relative  positions  of  the 
comet's  radiations  and  the  hydrogen  lines  gives  the  following 
approximate  wave-lengths  and  their  identification: 


Description 

Identification 

X388 

very  bright  knot 

Third  cyanogen  band 

400 

tail  band 

Low  pressure  CO 

403 

knot 

422 

faint  knot 

Second  cyanogen  band 

427 

tail  band 

Low  pressure  CO 

436 

knot 

Fifth  carbon  band 

456 

tail  band 

Low  pressure  CO 

468 

bright  knot 

Fourth  carbon  band 

It  is  at  once  evident  that,  except  for  minor  differences  in  rela- 
tive intensities,  the  spectrum  of  Comet  Mellish  is  an  excellent 

'  Attached  to  the  astrographic  telescope. 

'  From  June  s  to  July  8,  inclusive,  the  apparatus  was  attached  to  the  u-inch 
equatorial,  then  it  was  put  on  the  Heele  photographic  telescope. 

196 


MINOR  CONTRIBUTIONS  AND  NOTES 


197 


reproduction  of  the  spectrum  of  Comet  Brooks   (1911c),  which 
was  studied  in  considerable  detail  by  W.  H.  Wright.' 


TABLE  I 
Series  by  F.  Symonds 


Plate 

191S 

•     Exp. 

Description 

6i';i 

June  7 
II 
12 
12 
14 
14 

July  6 
8 

17 
20 
21 
Aug.  II 
12 

15 
18 

19 

i^ao™ 
2     0 

0  33 
2     0 

0  30 

1  30 

1  50 

2  0 

1  50 

2  30 
I   27 

1  55 

2  OS 
2     0 
2     0 
2     0 

Image  strong,  but  not  sharp.     2°  tail 
4°  tail 

4°  tail 

6is8 

6162 

6163 

6170 

6171 

S\°  tail 

Poor  focus,  plate  fogged,  no  tail 
Poor  focus,  plate  fogged,  no  tail 
Tail  short 

6194 

6197 

6iq8 

6202 

Plate  fogged 
2°  tail 

620=; 

6214 

6217 * . . .  . 

6218 

2°  tail 

Plate  fogged 
Plate  fogged 
Tail  short 
2°  tail 

6228 

62^1 

TABLE  II 
Series  by  R.  Winter 


Plate 

191S 

Exp. 

Description 

614.^ 

June     5 
6 
6 

7 
10 
10 
II 
II 
12 
12 
14 
14 
16 
16 
17 
17 
20 
22 

22 
23 
24 

I    29 

0  35 

1  59 

2  17 
0  30 
2     0 

0  31 

1  34 
•0  31 

I  44 

0  31 

1  43 

0  43 

1  30 

0  33 

1  06 

2  0 

0  33 

0  02 

1  34 

Short  tail 

6146 

6147 

6149 

61  s^ 

Short  tail 

6154 

6156 

6157 

6162 

6163 

6167 

Tail  longer 

6169 

6172 

9°  tail 
9°  tail 

6174 

6l7^ 

6177 

6178 

9°  tail 

Plate  of  same  density  as  No.  6178  but 
tail  is  very  short 

6180 

6182 - 

618^ 

Very  dense,  tail  ver>'  short 
Tail  very  short 

6186 

'  Lick  Observatory  Bulletin,  No.  7,  8-16,  191 2. 
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There  is  a  pronounced  increase  in  intensity  and  length  of  the 
tail  band  from  June  5  to  June  17,  and  it  might  be  expected  that 
these  series  of  plates  would  show  the  relation  of  the  development 
of  the  tail  bands  to  the  comet's  approach  to  the  sun  Unfortunately 
they  do  not.  Perihelion  occurred  on  July  17,  but  from  June  22 
on  the  plates  show  little  or  no  tail.  Only  two  plates,  one  on  August 
1 1  and  one  on  August  19,  show  as  much  as  two  degrees  of  tail.  The 
general  weakness  of  the  images  is  largely  due  to  the  comet's  increas- 
ing geocentric  distance,  and  in  the  latter  part  of  July  to  a  fogging 
of  plates  by  moonlight.  Yet  there  seems  to  have  been  an  abrupt 
decrease  in  intensity  of  the  spectrum  between  June  20  and  June  2  2 , 
which  is  not  confirmed  on  the  direct  photographs  taken  on  these 
dates. 

The    continuous    spectrum    extends    from    about   X  3600    to 
X  5200  A,  but  is  very  weak  on  either  side  of  X  388. 

The  knots  at  X  388  and  X  468  are  always  considerably  the 
strongest,  but  they  vary  in  relative  intensity.  Early  in  June 
X  388  was  considerably  the  stronger.  About  the  middle  of  June 
X  388  was  scarcely  any  brighter,  if  at  all.  On  June  22  and  follow- 
ing, X  388  was  always  considerably  the  brighter. 

The  first  few  dates  in  June  show  the  knot  at  X  403  rather 
strong,  but  it  gradually  diminished  in  brightness  until  it  was 
hardly  distinguishable.  The  spectrum  of  Comet  Mellish  was 
observed  at  the  Lowell  Observatory  by  Slipher,"  and  he  gives  a 
group  of  lines  in  the  region  for  which  my  measure  is  doubtless  a 
mean.  The  lines  which  Slipher  measures  are  also  found  in  Comet 
Zlatinsky  (1914ft)  and  Comet  Brooks  (1911c).  It  seems  not 
improbable  that  they  can  be  identified  with  a  new  hydrocarbon 
band  recently  detected  in  the  region  X  4107  and  X  4025  by  C.  \V. 
Raffety.' 

Between  June  14  and  June  16  the  comet  was  subject  to  a  pro- 
nounced outburst.  From  a  straight  quiescent  type  of  tail  there 
developed  suddenly  two  bright  tails,  one  long  and  divergent,  the 
other  short,  curved,  and  well  inclined  to  the  main  tail.  The 
division  of  the  tail  is  well  marked  on  the  spectrogram  for  the  night. 

«  Lowell  Observatory  Bulletin,  No.  74,  a,  151,  1916. 
^  Phil.  Mag.  (6),  32.  555-  1916. 
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The  bright  cyanogen  knot  at  X  388  extends  in  the  direction  of 
both  tails. 

A  similar  action  took  place  on  June  20  and  is  faithfully  recorded 
in  the  cyanogen  band  at  X  388. 

A.    ESTELLE    GlANCY 
Observatorio  Xacioxal  Argextixo,  Cordoba 
February  20,  1918 


SOME  PECULIARITIES  OF  NOVA  AQUILAE  III  OF  191 8 

At  one  stage  of  its  decline  Nova  Persei  of  1901  presented  a 
perfectly  planetary  disk  in  the  large  telescope.  Its  hght  was  also 
dull  and  planetary,  resembling  that  of  Neptune  and  some  of  the 
larger  asteroids.^  One  would  have  instantly  picked  it  out  as  dif- 
fering from  all  the  other  stars. 

Nova  Aquilae  III  of  1918  has  similarly  shown  in  its  decline  a 
sharply  defined  planetary  disk  of  measurable  size  wholly  different 
from  the  image  of  any  ordinary  star.  This  disk  was  measured  on 
a  number  of  nights.  Though  in  most  cases  the  atmospheric  con- 
ditions were  not  good  for  such  work,  the  results,  I  believe,  are  fair. 
No  one  would  have  failed  at  a  glance  to  recognize  the  nova  as 
entirely  different  from  the  other  stars.  The  striking  difference 
between  it  and  the  ordinary  star  was  apparent  on  each  night  by 
an  examination  of  B.D.+o°4027  and  4  Aquilae,  and  frequently 
6  Serpentis.  These  stars  showed  the  ordinary  stellar  image.  Fol- 
lowing are  the  measures  of  the  diameter  of  the  disk. 


Date 

1918  Oct.     5 

C.S.T. 
6^     0" 

Diam. 

orsi 

12 

Nov.  2 

5 
5 
6 

40 

40 

0 

0.54 
0.60 
1.36 

5 

5 

20 

1 .26 

12 

5 

40 

1.30 

23 

26 

Dec.  14 

17 

5 

5 
5 
5 

15 

5 
20 
20 

1.02 
1. 18 

1.82 
1.86 

Very  low 
Very  low 

Mean. 

..I. 18 

'See  Astrophysical  Joitrnal,  14,  155,  1901. 
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This  disk  seemed  to  become  larger  as  if  growing,  as  shown  by  the 
measures.  The  conditions  were  seldom  good  enough  for  the  best 
results.  I  think,  however,  that  these  diameters  will  fairly  repre- 
sent the  size  of  the  image.  The  following  notes  were  made  at  the 
time  of  the  measures.  Central  Standard  Time  being  used. 

iQig.  Sept.  17,  6*'40™.  The  nova  has  a  small  planetary  disk  of  a  pale 
yellowish-white  color.     Clouds  prevented  measures. 

Oct.  5,  6''o™.  The  light  of  the  nova  is  dull  and  planetary  and  of  a  slightly 
yellowish  cast.  The  image  is  a  perfectly  planetary  disk  entirely  different  from 
the  image  of  B.D.  -f  o°4027.  The  out-of-focus  image  is  scarlet  and  well  defined 
and  smaller  than  the  focal  image.  This  scarlet  image  is  surrounded  by  a 
greenish-yellow  glow  2 '-3'  in  diameter. 

Oct.  12,  sVo""  to  6''o"\  The  disk  is  planetary,  pale  white  or  slightly 
yellowish,  and  is  imbedded  in  a  broken  yellow  glow.  Measures  of  the  focus 
of  the  nova  and  of  B.D.+o°402  7  showed  only  0.2  mm  difference. 

Oct.  15,  6V".  The  disk  is  beautifully  planetary  and  sharply  defined, 
dull  white  with  a  suggestion  of  yellow.  It  is  surrounded  by  a  close  yellowish 
halo.  The  crimson  image  at  the  second  focus  is  smaller  than  the  regular 
image  and  well  defined.     It  is  surrounded  by  a  greenish-white  halo. 

Nov.  2,  6''o'°.  Seeing  bad.  The  image  is  planetary — a  yellowish-white 
disk.    The  crimson  image  is  strong.     Clouds. 

Nov.  5,  5'' 20"".     Planetary;  yellowish-white  disk. 

Nov.  12,  5''35'".  The  image  is  pale  yellowish  color  with  much  strong  light 
about  it.     Seeing  very  poor. 

Nov.  23,  s'^is'".  Planetary  disk.  Pale  white  color  with  only  a  suggestion 
of  yellow.     Seeing  very  poor. 

Nov.  26,  5''io"'.  Planetary  disk  well  seen  in  moments  of  steadiness. 
Pale  white  with  yellowish  cast. 

Dec.  14,  5''20'".  Seeing  very  poor.  The  disk  is  planetary  in  moments  of 
steadiness.* 

Dec.  17,  5''2o"'.  The  disk  is  planetary.  Talc  white  or  bluish  while. 
Seeing  poor. 

The  crimson  image  referred  to  is  due  to  llu-  a  hydrogen  line  in 
the  spectrum  of  the  star,  and  seems  to  be  always  })resent  in  the  no\ae 
at  a  certain  stage  of  their  decline.  This  image  in  the  40-inch 
telescope  is  9  mm  outside  the  regular  focus. 

I  have  observed  the  magnitude  of  the  nova  on  about  130 
nights.  These  observations  were  made  with  the  naked  eye, 
with  Zeiss  field-glass,  with  the  4-inch  finder  of  the  40-inch  telescope, 
and  with  ihc  5-inth  guiding  telescope  of  the  Hruce  Ob.servatory. 
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In  the  instruments  the  nova  and  B.D.+o°4027  were  visible  at  the 
same  time.  A  striking  peculiarity  in  its  brightness  has  developed 
in  the  later  observations.  \'ery  different  results  are  obtained  with 
the  different  instruments:  apparently  the  smaller  the  instrument, 
the  brighter  the  nova.  Twilight  and  dawn  also  play  an  important 
part  in  the  relative  brightness  of  the  star:  the  brighter  the  sky, 
the  less  bright  the  nova.  Between  the  various  instruments  and 
the  condition  of  the  sky  results  may  be  obtained  that  dift'er  by  a 
large  part  of  a  magnitude. 

These  peculiarities  have  been  more  strongly  marked  since  the 
morning  observations  began  and  especially  since  the  position  of 
the  nova  has  permitted  it  to  be  seen  on  a  dark  sky.  At  the  first 
glance  in  the  telescope  fon  a  dark  sky)  one  gets  the  impression  that 
the  nova  is  decidedly  brighter  than  B.D.  +o°402  7  (6^'3).  but  a  more 
careful  inspection  shows  that  it  is  really  less  bright  than  that  star. 
The  image  of  the  nova  is  white  and  closely  surrounded  by  a  rather 
dense  glow  or  haze  and  the  star  itself  is  very  ill  defined,  while 
+0^4027  is  sharply  defined  and  free  from  glow  and  is  shghtly 
yellow.  The  smaller  the  telescope,  the  more  this  stray  light  enters 
into  the  image  and  hence  the  brighter  the  star.  As  the  sky  becomes 
brighter  the  effect  of  this  extra  light  upon  the  eye  becomes  less  and 
the  star  appears  fainter.  The  pecuhar  appearance  of  the  fight  of 
the  nova.  Professor  Frost  informs  me,  is  doubtless  due  to  the  great 
strength  of  the  hydrogen  lines  in  its  spectrum;  this,  in  a  refracting 
telescope,  produces  an  image  that  is  ill  defined  and  hazy. 

The  planetary  condition  of  the  image  must  also  enter  to  a  certain 
extent  into  the  relative  brightness  of  the  nova  with  different 
instruments.  From  my  observations  it  would  seem  that  from  these 
various  causes  estimations  of  the  brightness  of  this  star  may  at 
one  and  the  same  time  dift'er  by  nearly  a  whole  magnitude.  This 
was  strongly  shown  on  February  11,  1919.  On  this  date,  when  I 
first  examined  the  nova  with  the  5-inch  Bruce  telescope  it  seemed 
to  be  about  half  a  magnitude  brighter  than  +o°402  7.  It  was 
surrounded  by  a  close,  rather  dense,  hazy  glow  and  was  very  white 
and  ill  defined,  while  the  other  star  was  slightly  yellowish  and  well 
defined.  At  17''  ^^""^  however,  a  closer  examination  showed  that 
the  image  was  of  about  the  same  brightness  as  that  of  +0^4027  or 


202  MIXOR  COXTRIBUTIONS  .LVD  NOTES 

possibly  a  little  fainter.  At  i7''50'",  with  the  field-glass,  there  was 
a  striking  difference  in  the  brightness  of  the  two  stars,  the  nova 
being  o^^4  the  brighter.  At  i8''io"'  it  was  again  examined  with 
the  5-inch  on  a  dawn-lit  sky.  The  nova  was  decidedly  the  fainter 
of  the  two — the  estimated  difference  in  brightness  being  o^'5. 
These  observations  were  repeated  on  February  17  at  i6''5o".  The 
first  glance  at  the  nova  in  the  5-inch  gave  the  impression  that  it 
was  decidedly  brighter  than  +o°402  7,  but  a  more  careful  inspection 
showed  that  it  was  about  ©^'4  less  than  that  star.  Immediately 
after,  the  field-glass  showed  the  nova  to  be  ©^'5  the  brighter  of  the 
two  stars.  It  would  seem,  therefore,  that  from  the  nature  of  its 
light,  estimates  of  the  relative  brightness  of  the  nova  are  now 
Hkely  to  be  discordant,  depending  on  the  size  of  the  instrument, 
the  brightness  of  the  sky,  etc.  I  have  sometimes  noticed  with  the 
five-inch  telescope  that  if  the  nova  was  the  fainter  of  the  two 
stars  for  sharp  focus,  it  became  the  brighter  when  they  v/ere  out 
of  focus. 

Recent  photographs  with  the  6-inch  and  lo-inch  Bruce  lenses 
make  the  nova  slightly  brighter  than  B.D.-fo?4027.  Sometimes 
the  image  with  the  6-inch  is  a  little  brighter  than  that  with  the  10- 
inch.  ]\Iy  last  evening  observations  were  made  on  December  19, 
1918.  The  first  morning  observations  were  on  January  7,  1919, 
near  the  time  of  its  conjunction  with  the  sun.  It  is  an  interesting 
fact  that  the  star  would  have  been  observable  at  the  time  of  its 
conjunction  with  the  sun  if  weather  conditions  had  permitted. 

E.  E.  Barnard 

Yerkes  Observatory 
February  21,  1919 


A  PROPERTY  OF  THE  PHOTOGRAPHIC  PLATE 
ANALOGOUS  TO  THE  PURKINJE  EFFECT 

The  "Purkinje  Effect''  in  reference  to  visual  photometry  may 
be  described  thus:  If  two  sources  of  light,  one  white,  the  other 
red,  appear  equal  at  a  certain  intensity,  they  will  not  remain  equal 
if  the  intensity  of  both  sources  be  changed  in  the  same  ratio.  For 
example,  if  the  intensity  of  each  is  doubled,  the  red  will  appear 
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brighter  than  the  white  hght;  or,  if  the  intensities  are  halved, 
the  red  will  appear  fainter  than  the  white.  This  is  equivalent  to 
saying  that  the  "contrast"  appears  greater  in  the  red  than  in  the 
white  light.  It  also  follows  that  as  the  intensities  increase,  the 
maximum  sensitiveness  of  the  eye  shifts  toward  the  red;  or,  if 
intensities  decrease,  the  maximum  shifts  toward  the  blue.' 

Numerous  investigators  have  tested  the  photographic  plate  for 
a  corresponding  effect.  Abney^  finds  that  "the  least  steep  grada- 
tion is  that  given  by  the  monochromatic  light  to  which  the  simple 
silver  salt  experimented  with  is  most  sensitive,  and  that  the  grada- 
tion becomes  steeper  as  the  wave-lengths  of  light  employed  depart 
in  either  direction  in  the  spectrum  from  this  point;  the  steep- 
est gradation  being  given  by  the  extreme  red. ''  His  graphs  in 
Fig.  5  of  that  paper  show  the  gradation  to  be  least  steep  at 
wave-length  about  4600  A,  and  at  6000  A  to  be  about  50  per 
cent  steeper. 

It  is  important  to  note  that  this  change  in  gradation  is  in  the 
same  direction  as  occurs  in  visual  comparisons;  an  increase  in 
intensity  favors  the  red  light,  both  to  the  eye  and  on  the  photo- 
graphic plate. 

The  implied  shift  in  the  wave-length  of  maximum  sensitiveness 
on  the  plate  has  been  independently  confirmed  by  the  work  of  a 
number  of  observers-'  on  the  "effective  wave-length"  of  hght  from 
stars  of  difTerent  colors. 

Lindblad  has  summarized  his  results  in  Fig.  2,  page  26,  of  that 
paper  and  compared  these  with  the  accordant  results  of  the  other 
two  authors  quoted.  With  one  exception  his  curves  lead  to  the 
same  conclusion  as  the  work  of  Abney;  that  is,  as  the  intensity 
of  the  light  increases,  the  position  of  the  maximum  sensitiveness 
shifts  toward  the  longer  wave-lengths. 

'  See  Nutting's  Outlines  of  Applied  Optics,  p.  122,  Fig.  34  and  p.  128. 

^  Proceedings  of  the  Royal  Society,  68,  302,  312,  1904. 

3  O.  Bergstrand,  "Recherches  sur  les  Couleurs  des  Etoiles  fixes,"  Com  pies  rendus, 
148,  1079,  1909;  E.  Hertzsprung,  "Uber  die  Verwendung  photograph,  effektiver 
Wellenlangen  zur  Bestimmung  von  Farbenaquivalenten, "  Pub.  der  astrophys.  Obs. 
zii  Potsdam,  22,  i,  191 1;  B.  Lindblad,  "Die  photographisch  eflfektive  Wellenlange 
als  Farbenaquivalent  der  Sterne,"  Arkiv  for  Matematik,  Astronomi  och  Fysik,  13, 
26,  1918. 
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It  would  thus  appear  that  this  property  of  the  photographic 
plate  is  sufficiently  confirmed  in  a  qualitative  way  by  these  entirely 
independent  investigations.  It  is  the  purpose  of  this  paper  to 
find  provisional,  or  at  least  limiting,  values  for  the  amount  of  error 
which  might  arise  from  this  property  in  photographic  stellar  pho- 
tometry. 

It  is  possible  to  derive  approximate  values  for  the  difference  in 
gradation  which  may  be  met  in  practice  by  combining  Abney's 
results  with  Lindblad's.  The  former  finds  an  increase  of  30  to 
50  per  cent  in  gradation  for  an  increase  of  1400  A  in  the  wave- 
length of  the  monochromatic  light.  Bergstrand  and  Hertzsprung 
find  effective  wave-lengths  as  follows: 

Bergstrand  Hertzsprung 

White  Stars 4200  A  4200  A 

Yellowish-red  stars 4500  4300 

Deepest  red  stars 4700  4400 

Here  is  an  extreme  difference  of  500  and  200  A,  respectively,  for 
white  and  deepest  red  hght.  We  might  therefore  expect  a  change 
in  gradation  ranging  between  11  and  18  per  cent  from  Bergstrand's 
results,  or  from  4  to  7  per  cent  from  Hertzsprung's  values.  Ap- 
proaching from  another  direction,  Lindblad  finds  for  white  stars 
an  extreme  shift  in  effective  wave-length  of  100  A  for  the  greatest 
change  in  intensity  of  light  on  his  plates.  For  stars  of  other  colors 
the  range  is  less.  We  might  therefore  look  for  an  increase  of  from 
2  to  4  per  cent  in  gradation  on  account  of  change  in  intensity. 
It  does  not  seem  hkely  that  these  results  are  more  divergent  than 
would  be  expected  from  the  use  of  different  telescopes,  plates, 
and  developers. 

A  much  better  determination  of  this  change  in  gradation  can 
be  derived  from  some  of  the  extra-focal  plates  taken  at  this  observa- 
tory with  the  Zeiss  UV  camera  of  14.5  cm  aperture  and  81.4  cm 
focus.  Two  plates  of  the  cluster  in  Coma,  including  an  ideal  range 
of  star-colors,  were  used  for  this  purpose. 


No. 

Date 

G.M.T. 

Exposures 

UVs23 

UV524 

1909,  May  6 
1909,  May  7 

14'' 21"  to  1 4'' 40™ 
15  00    to  15  17 

i",  2™,  4"",  8™ 

15*1  30'.  I".  2"",  4",  8"" 
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The  measures  and  reductions  were  in  all  respects  like  those  described 

by  the  writer  in  the  "Yerkes  Actinometry,  "^  except  that  only 

relative  magnitudes  were  derived,  all  that  were  needed  to  fix  the 

gradation  of  the  plates.     In  Table  I,  which  gives  a  summary  of 

the  measures  of  the  plates,  this  "gradation"  is  expressed  by  the 

differences  in  apparent  magnitude  (AM)  between  the  successive 

exposures. 

TABLE  I 


No. 
Stars 

AM 

Me.\n  am 

Spectral  Class 

UV  523 

UVS24 

1 
523           S24         Both 

8m -4m 

4m —jm 

2™  — I™ 

8m -4m 

4m— 2™ 

Ao  to  A5 

F  to  G 

7 
3 

I 

0M48 

0.41 

0.45 

0M79 
0.78 
0.84 

o«s8 
0.42 
0.63 

0^71 
0.64 
073 

0^72 
0.71 
0.66 

QM52   j    qM-i       0^*67 
0  60      0  68      0  65 

K5 

0 . 64      0 .  70     0. 68 

In  explanation  of  Table  I  it  should  be  noticed  that  the  values 
of  AM  for  8"— 4""  and  2"^—  i™  on  plate  523  are  systematically  smaller 
than  for  4™— 2™,  while  in  the  case  of  plate  524  no  such  difference 
occurs.  This  might  arise  from  an  actual  difference  in  exposure- 
times  for  523,  or  from  differences  in  transparency;  but  in  either 
case  all  stars  were  affected  alike  and  the  final  results  are  not 
changed  thereby.  The  last  column  of  the  table  shows  no  system- 
atic difference  in  the  gradation  depending  on  the  color  of  the  star, 
unless  the  shght  increase  of  i^  per  cent  between  the  spectral 
classes  A  and  K  be  considered  real.^  If  so,  the  difference  is  in  the 
direction  indicated  by  the  work  of  the  authors  already  quoted. 
We  therefore  reach  the  conclusion  that  for  Seed  27  plates  (the 
brand  used)  and  extra-focal  images  the  shght  systematic  eft"ect 
which  may  be  present  is  nearly  or  quite  masked  by  the  accidental 
errors  arising  principally  from  the  lack  of  uniformity  in  the  film. 

^  Astrophysical  Journal,  36,  169-227,  1912. 

'  An  indication  that  this  increase  may  be  real  and  an  excellent  confirmation  of 
the  amount  of  increase  found  in  the  Coma  plates  is  furnished  by  Hertzsprung  in  his 
" Photograph ische  Helligkeitsmessungen  \^on  T  Vulpeculae  1910-15,"  Astronomische 
Nachrichlen,  208,  53,  1919,  which  appeared  after  the  foregoing  was  in  type.  He 
finds  a  gradation  3  per  cent  steeper  for  the  red  star  B.D.-f-27''39ii  than  for  the 
neighboring  white  star  -f  2  7°3868.  The  color-indices  of  these  stars  are  2^'34  and 
o*'22  respectively.     The  plates  used  were  Schleussner  "blaue  Etikette." 


2o6  MINOR  CONTRIBUTIONS  AND  NOTES 

Summary. — A  property  analogous  to  the  "Purkinje  Phenom- 
enon" has  been  found  by  Abney  and  other  investigators  to  be 
present  in  the  photographic  plate,  but  the  amount  of  the  error 
introduced  by  neglecting  it  on  Seed  27  plates  and  with  extra-focal 
images  is  of  the  same  order  as  the  accidental  errors. 

J.  A.  Parkhurst 

Yerkes  Observatory 
February  19,  1919 
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THE  STELLAR  SPECTROGRAPH  OF  THE  72-INCH 
REFLECTING  TELESCOPE 

By  J.  S.  PLASKETT 

The  telescope  has  been  described  in  two  issues  of  the  Journal 
of  the  Royal  Astronomical  Society  of  Canada  and  in  the  Publications 
of  the  Astronomical  Society  of  the  Pacific  for  October,  19 18,  but  it 
seems  advisable  to  summarize  the  principal  optical  and  operating 
details  of  this  hght-gatherer  for  the  spectrograph. 

The  aperture  of  the  principal  mirror  is  184.5  cm  (72  .6  in.)  and 
its  focal  length  91 7  .9  cm  (361 .38  in.).  It  has  a  central  hole  25.7  cm 
(10.13  in.)  in  diameter  which  allows  the  spectrograph,  which  is 
used  with  the  Cassegrain  form  of  the  telescope,  to  be  placed  along 
the  axis  of  the  mirror  and  attached  to  the  bottom  of  the  tube,  a 
much  more  convenient  and  symmetrical  position  than  if  a  third 
reflection  were  used  and  the  spectrograph  were  attached  to  the 
side  of  the  tube.  The  Cassegrain  mirror  is  50.8  cm  (20  in.)  in 
diameter,  has  a  radius  of  curvature  of  605  .6  cm  (19.87  ft.),  and  is 
placed  about  218  cm  (7.15  ft.)  inside  the  principal  focus  of  the 
main  mirror.  The  equivalent  focal  length  of  the  combination  is 
approximately  32.92  meters  (108  ft.),  and  the  aperture  ratio  is 
reduced  from  1:5  to  1:18. 

Tests  of  the  figure  of  the  principal  mirror  in  the  optical 
shop  under  constant-temperature  conditions  showed  a  maximum 
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longitudinal  aberration  of  0.25  mm  (o.oi  in.)  and  this,  being  for  a 
median  zone,  is  equivalent  to  lateral  aberration  0.025  mm  to  a  cir- 
cle of  confusion  of  less  than  the  thousandth  of  an  inch  in  diameter. 
Under  changing  conditions  of  temperature  in  the  dome  this  is  much 
increased,  and  after  a  daytime  rise  of  5°  C.  the  aberration,  under- 
correction,  became  about  3  mm.  The  application  of  heat-insulating 
covers  to  the  lower  end  of  the  tube  completely  inclosing  the  mirror 
reduced  the  temperature  change  to  less  than  one-third  that  in  the 
dome,  with  the  result  that,  as  the  nocturnal  change  of  temperature 
is  very  small  and  slow,  the  working  figure  remained  practically 
perfect,  and  the  longitudinal  aberration,  always  under-correction, 
was  of  the  order  of  o .  5  mm. 

The  figure  of  the  Cassegrain  combination  has  recently  been 
tested  by  the  Hartmann  method.  The  figure  is  also  very  good, 
the  effective  aberration  under  average  observing  conditions  being 
about  1.5  mm,  equivalent  to  a  circle  of  confusion  0.05mm  in 
diameter.  This  is  an  example  of  the  skill  of  Mr.  J.  B.  IMcDowell, 
of  the  John  A.  Brashear  Co.,  Ltd.,  as  this  mirror  was  corrected  in 
combination  with  the  72-inch  while  only  a  33-inch  plane  was  avail- 
able for  producing  a  parallel  pencil.  Hence  less  than  one-half  the 
diameter,  one-fourth  the  area,  of  the  secondary  could  be  tested  at 
a  time,  and  the  difl&culty  of  figuring  was  thereby  much  increased. 

The  general  form  of  the  mounting  and  the  appearance  and  posi- 
tion of  the  spectrograph  can  be  seen  in  Plate  XII.  The  mount- 
ing is  beautifully  designed  and  constructed  and  is  undoubtedly 
the  most  perfect  and  complete  of  any  hitherto  made  by  the 
Warner  &  Swasey  Co.  The  driving  is  perfect,  without  a  trace  of 
periodic  or  other  error,  which  is  so  frequent  a  source  of  trouble  and 
annoyance  in  telescopes.  The  following  is  so  close,  the  figure  of  the 
mirrors  and  generally  the  seeing  so  good,  that  it  is  necessary  to  set 
the  clock  driving  slightly  fast  or  slow,  else  the  image  remains  so 
nearly  in  one  position  on  the  slit,  which  subtends  an  angle  of  ©''3  by 
3",  as  to  produce  too  narrow  or  unevenly  exposed  spectra. 

The  arrangements  for  quick  and  line  setting  of  the  telescope 
are  very  convenient,  so  that  little  time  is  lost  in  changing  from  star 
to  star  in  spectroscopic  observation.  There  are  three  speeds  in 
each  co-ordinate,  all  electrically  driven,  a  quick  motion  of  45°  to 
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the  minute,  a  fine  setting  speed  of  10'  to  the  minute,  and  a  guiding 
speed  of  30"  to  the  minute.  The  quick  setting,  clamping,  and  dome 
operating  are  performed  at  the  more  convenient  of  dupHcate  operat- 
ing boards,  one  of  which  may  be  seen  in  Plate  XII,  on  the  east  and 
west  sides  of  the  south  pier.  The  fine  setting  and  guiding  are 
effected  by  means  of  a  small  portable  board  carried  by  the  observer. 
There  are  no  fine  circles,  but  the  coarse  circles  are  graduated  to 
single  minutes  of  time  in  right  ascension  and  to  five  minutes  of  arc 
in  declination.  The  telescope  can  always  be  certainly  set  to  within 
two  minutes  of  arc  of  the  catalogue  position,  and  charting  and 
uncertainty  of  identification  for  stars  brighter  than  about  the 
seventh  magnitude  are  generally  avoided.  A  further  convenience 
is  the  fact  that  the  settings  in  right  ascensions  are  made  on  a  large 
circle  moving  with  the  worm  wheel,  set  to  the  sidereal  time  at  the 
beginning  of  a  night's  work,  and  all  mental  arithmetic,  liability 
to  mistakes,  and  difficulty  of  setting  to  constantly  changing  hour 
angle  are  avoided. 

In  consequence  of  the  perfection  of  the  design  and  construction 
of  this  operating  mechanism,  the  average  time  required  to  change 
from  star  to  star,  the  time  from  the  end  of  one  spectrum  exposure 
to  the  beginning  of  the  next  is  only  about  three  minutes  and, 
if  the  stars  are  not  far  apart,  is  frequently  only  two  minutes. 
Even  though  the  moving  parts  weigh  45  tons,  the  telescope  can 
be  handled  as  easily  and  quickly  as  one  of  less  than  a  fourth  the 
aperture.  In  consequence  of  this,  of  the  quahty  of  the  star  images, 
and  of  the  efficiency  of  the  spectrograph,  spectra  can  be  accumulated 
rapidly,  and  the  equipment  has  proved  most  efficient  in  this  its 
principal  work. 

THE    SPECTROGR.\PH 

As  the  stellar  spectrograph  to  be  described  is  in  one  sense  a 
reversion  to  an  early  form,  it  will  be  of  some  interest  to  trace 
briefly  the  method  of  evolution.  The  universal  spectroscope  was 
probably  the  earhest  t\'pe  to  be  attached  to  a  telescope  and  was 
probably  chosen,  as  observing  methods  had  not  become  standard- 
ized, because  a  choice  of  different  dispersions  and  spectral  regions 
would  prove  useful  in  experimental  research.    The  best  examples  of 
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this  type  were  those  suppHed  by  the  Brashear  Co.  to  the  Allegheny, 
Yerkes,  Lowell,  Ottawa,  and  other  observatories,  which  were  un- 
doubtedly beautiful  instruments  for  general  work  but  unsuited  for 
the  particular  line  of  work — the  determination  of  stellar  radial 
velocities — irito  which  stellar  spectroscopy  was  soon  narrowed. 
The  adjustable  features  were  not  needed  and  were  indeed  a  source 
of  weakness  in  rendering  the  spectroscope  more  subject  to  differen- 
tial flexure.  Consequently  the  universal  type  was  soon  abandoned, 
and  a  rigid  fixed  form  was  developed,  of  which  the  Mills  at  Lick, 
the  Bruce  at  Yerkes,  and  the  Hartmann  at  Potsdam  were  all  suc- 
cessful examples,  and  with  which  very  accurate  observations  were 
obtained. 

Both  the  universal  and  these  later  spectrographs  had  the 
drawback  that  the  spectrograph  proper  and  the  truss  which  attached 
it  to  the  telescope  were  one  and  the  same  construction,  and  the 
flexure,  just  as  in  a  beam  supported  at  one  end,  was  a  maximmn. 
A  great  improvement  in  design,  introduced  by  Campbell  and  Wright 
at  the  Lick  Observatory,  was  to  make  the  spectrograph  proper 
self-contained  in  box  form  and  attach  it  to  the  telescope  by  an 
external  truss  frame  in  which  the  spectrograph  box  was  held 
flexibly  at  two  suitably  chosen  supporting  points.  The  flexure 
in  such  a  form  is  evidently  only  about  one-fourth  that  of  the  earlier 
types,  and  this  form  has  been  adopted  in  nearly  all  recent  spectro- 
graphs. 

In  the  spectrograph  for  the  72-inch  telescope  I  have  attempted 
to  combine  the  advantages  of  the  self-contained  spectrograph  box 
carried  in  an  external  attaching-frame  by  a  two-point  flexible 
support-system  with  the  flexibility  and  general  usefulness  of  a 
universal  instrument.  In  more  recent  years  the  narrow  field  of 
radial-velocity  observation  of  stars  in  the  spectral  region  near  H7, 
with  a  three-prism  spectrograph  of  linear  dispersion  about  10  A  to 
the  millimeter,  has  been  broadened  to  include  observations  with 
one  and  two  prisms,  with  various  lengths  of  camera,  and  at  various 
regions  of  the  spectrum.  No  single  spectrograph,  indeed  no  two 
or  three  spectrograi)hs,  would  be  likely  to  meet  the  varied  demands 
that  might  arise  in  spectroscopic  investigation  with  such  a  powerful 
instrument  as  the  72-inch  reflector.     Hence,  owing  to  the  expense 
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that  would  have  to  be  incurred  for  such  a  battery  of  spectrographs, 
it  seemed  wise  to  try  to  devise  an  instrument  in  which  the  change 
from  one  type  to  another  could  be  made  as  quickly  or  even  more 
quickly  than  spectrographs  could  be  changed  on  the  reflector, 
while  any  desired  or  used  adjustment  could  be  rapidly  and  certainly 
obtained.  At  the  same  time  the  spectrograph  must  be  as  rigid 
and  as  little  subject  to  flexure  as  any  of  the  fixed-form  types. 

These  conditions  have,  I  am  convinced,  been  successfully  met, 
and  the  methods  employed  will  be  developed  as  the  description 
proceeds.  The  optical  parts  of  the  spectrograph  were  made  by 
the  Brashear  Co.  and  give  exquisite  defining  power,  while  the 
mechanical  parts  were  made  by  the  Warner  &  Swasey  Co.  The 
material,  size,  and  form  of  the  optical  parts  were  determined  by 
the  writer,  and  the  principles  and  general  form  of  the  mounting,  of 
the  minimum-deviation  link-work,  of  the  slit-head,  comparison, 
and  guiding  apparatus,  and  of  the  constant-temperature  arrange- 
ments were  given  to  the  Warner  &  Swasey  Co.  The  latter  is, 
however,  responsible  for  the  working  out  of  the  mechanical  details, 
the  form  and  material  of  the  spectrograph  box  and  attaching  frame, 
and  the  style  of  construction  and  finish  of  the  instrument.  I  need 
say  no  more  than  to  state  that  in  harmony  of  design  and  in  char- 
acter of  workmanship  and  finish  it  is  in  keeping  with  the  work  on 
the  telescope  mounting,  all  of  the  very  highest  order. 

THE    OPTICAL   PARTS 

Practically  all  spectroscopists  are  agreed  as  to  the  advantage 
of  a  long  colhmator,  the  practical  limit-  being  the  possibility  of 
obtaining  homogeneous  material  for  the  correspondingly  large 
prisms.  I  had  successfully  used  a  prism  of  51  mm  (2  in.)  aperture 
in  the  Ottawa  single-prism  spectrograph,  and  Adams  has  since 
used  prisms  of  63  mm  (2 .5  in.)  aperture  without  difliculty.  Hence 
it  was  decided  to  use  prisms  of  the  latter  aperture,  and,  with  the 
aperture-ratio  of  i  to  18,  this  fixes  the  focal  length  at  114. 3  cm 

(45  in.)- 

The  most  suitable  material  for  the  prisrns  was  the  subject  of 
considerable  experiment  and  calculation.     I  have  previously  said,^ 

'  Pub.  Dom.  Obs.,  Ottawa,  i,  188. 


214 


/.  S.  PLASKETT 


"I  have  long  been  of  the  opinion  that  the  dense  flint,  0  102, 
used  in  most  recent  spectrographs  is  too  absorbing  for  the  best 
results."  This  opinion  has  been  borne  out  by  experiments  with  a 
prism  of  baryta  light  flint  and  more  recently  by  the  results  obtained 
with  a  prism  of  ordinary  flint  glass  in  the  spectrograph  here 
described.  Measurements  of  the  absorptions  of  various  Jena 
glasses  were  obtained,  and  calculations  of  the  losses  due  to  reflec- 
tion and  absorption  in  prisms  of  63  mm  (2 . 5  in.)  aperture  of  these 

TABLE  OF  TRANSMISSION,  DISPERSION,  AND  RESOLVING  POWER 
(Prisms  of  63  mm  aperture  of  various  glasses) 
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mission 

of 
Prisms 


Angular 
of  Dis- 
persion 
atHy 


Linear  Dispersion 

A  per  mm  at  H-y 

Cameras  of  Focal 

Lengths 


381  mm  711  mm  965  mm 


Resohnng 
Power  at 
at  A  4200 
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40.8 
20.4 
13.6 
10.2 

36.2' 
18. 1 
12. 1 

30.0 

ISO 
10. o 

25-1 

21.7 

10.8 

7.2 

16.6 
8.3 

SS 


16,160 
32,320 
48,480 
64,640 

18.260 
36,520 
54,780 

22,220 
44,440 
66,660 


30.450 
60,900 
91.350 

52.700 
105.400 
158,100 


Note. — It  is  evident,  from  a  comparison  of  dispersion,  resolving  power,  and  transmission,  that,  with 
slit-widths  giving  the  same  purity  of  spectrum,  the  ultra-violet  flint  and  the  ordinary  flint  are  much  superior 
to  the  others  and  approximately  equal  themselves.  The  greater  dispersion  given  by  the  ordinarj-  flint,  the 
higher  resolving  [wwer  obtainable,  its  lower  cost,  and  the  greater  likelihood,  owing  to  its  being  produced 
in  large  quantities,  of  homogeneity,  led  to  its  choice. 


glasses  and  of  their  relative  efflciencies  for  given  dispersion  and 
resolving  power  as  given  in  the  accompanying  table,  showed  that 
one  of  the  ordinary  Hints,  O  ii8  of  the  Jena  works,  a  glass  very 
generally  used  for  the  Hint  component  of  telescope  objectives, 
gave  the  most  favorable  showing.  Schlesinger's  measures  of  the 
absorption  of  the  flint  element  of  the  30-inch  Allegheny  objective, 
made  of  O  118  glass,  confirmed  these  calculations,  and,  as  this  t>pe 
is  made  in  large  quantities  and  is  more  likely  to  be  homogeneous 
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than  some  of  the  less-used  varieties,  I  had  no  hesitation  in  choosing 
it  for  the  prisms  of  the  spectrograph.  ^Material  for  the  three  prisms 
was  ordered  from  Jena  by  the  Brashear  Co.  in  August,  1914,  but 
of  course  could  not  be  supplied,  owing  to  the  war.  Until  these 
or  some  similar  prisms  are  available,  we  are  fortunate  in  being 
able  to  use  a  60°  prism  of  the  same  aperture  and  the  same  material 
made  by  the  Hilger  Co.  for  a  Littrow  spectrograph  for  Toronto 
University  and  kindly  lent  temporarily  to  me  by  Professor  Chant. 
Use  of  this  prism  has  shown  it  to  be  of  excellent  quality  and  of 
remarkable  transparency  in  the  violet,  considering  its  density  and 
dispersing  power.  Although  its  dispersion  is  only  about  25  per 
cent  less  than  O  102,  its  absorption  at  X  4000  is  certainly  less  than 
half,  and  in  spectra  of  Nova  Aquilae  measures  of  19  displaced 
hydrogen  lines,  extending  to  X  3655,  were  made. 

Owing  to  this  transparency  in  the  violet  of  the  prism  and  to  the 
absence  of  absorbing  material  in  the  telescope  objective,  the  central 
ray  could  be  advantageously  placed  considerably  farther  to  the 
violet  than  has  been  usual  hitherto.  The  position  chosen  was  at 
X  4200  in  order  to  take  advantage  of  the  larger  number  of  lines  in 
early-tjpe  stars  around  this  region  than  to  the  red  of  X  4500. 
However,  the  adjustable  feature  of  the  spectrograph  will  readily 
admit  of  shifting  the  camera  and  prisms  in  a  few  moments,  so  that 
any  other  region  is  central,  and  any  part  of  the  photographic  spec- 
trum can  be  reached  with  the  same  objectives  without  the  color- 
curve  becoming  unmanageably  steep. 

The  collimator  and  the  two  camera  objectives  supplied  are  all 
of  the  Hastings-Brashear  triplet  t^-pe,  and  as  the  former  is  63  mm 
and  the  latter  76  mm  aperture  the  use  of  Canada  balsam  as  a 
cementing  agent  was  not  deemed  allowable  on  account  of  the  strain 
almost  certain  to  be  introduced.  However,  as  the  internal  reflec- 
tions in  such  triplets  when  uncemented  cause  a  loss  of  about  20 
per  cent  in  each,  these  objectives  had  at  my  suggestion  a  film  of 
watch  oil  placed  between  the  components,  which  has  acted  perfectly 
and  shown  no  signs  of  deteriorating  or  drying  out  after  a  year's  use. 
The  aperture  of  the  collimator  objective  is  63 . 5  mm  (2 . 5  in.)  and 
its  focal  length  1143  mm  (45  in.).  The  apertures  of  the  camera 
objectives  are  76  .2  mm  (3  in.),  and  their  focal  lengths  are  711  mm 
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(28  in.)  and  965  mm  (38  in.)  respectively.  These  objectives  and 
the  prism  are  so  well  corrected  that  the  spectra  given  by  the  instru- 
ment are  of  exquisite  definition  and  leave  nothing  to  be  desired. 
A  third  camera  objective  of  the  Cooke  triplet  t^-pe  of  76  mm 
aperture  and  380  mm  focus,  ordered  from  the  Brashear  Co.,  has 
not  yet  been  received. 

The  linear  dispersions  of  the  spectrograph  with  these  three 
cameras  and  with  the  one,  two,  and  three  prisms  destined  for  the 
instrument,  and  also  with  the  60°  prism  now  in  use,  are  given  in  the 
table  on  p.  214. 

SLIT   AND   ACCESSORIES 

The  slit- jaws  are  of  poHshed  nickel  inclined  at  an  angle  of  3?5 
to  the  normal  to  the  optical  axis.  One  of  the  jaws  is  fixed,  and  the 
other  is  separated  from  it  by  a  micrometer  screw  reading  to  thou- 
sandths of  an  inch.  The  guiding  is  effected  in  the  usual  way  by  the 
star's  light  reflected  from  the  jaws  into  a  right-angled  reflecting 
prism  at  the  end  of  a  broken  guiding  telescope.  The  bend  of  45° 
allows  the  guiding  ocular  to  be  rotated  into  the  most  convenient 
observing  position. 

The  method  of  applying  star  and  comparison  spectrum  is  new, 
offers  some  advantages  over  other  devices,  and  hence  merits  a  more 
detailed  description.  Directly  above,  and  with  their  edges  parallel 
to  the  slit,  are  two  small  right-angled  reflecting  prisms,  one  for 
each  set  of  comparison  lines,  which  reflect  the  comparison  light  from 
its  original  direction,  perpendicular  both  to  the  slit  and  the  optical 
axis,  down  through  the  slit.  These  prisms  can  be  brought  into 
contact  or  separated  symmetrically  along  the  direction  of  the  slit, 
so  as  to  change  the  distance  apart  of  the  comparison  spectra,  by 
means  of  a  right-and-left  screw,  and  can  also  be  moved,  transversely 
to  the  slit,  toward  or  from  the  comparison  source,  by  rack  and 
pinion.  The  prisms  are  held  in  their  cells  by  thin  metal  plates 
shaped  like  the  diagram,  Fig.  i,  which  just  clear  the  slit-jaws  and 
serve  as  limiting  diai>hragms  for  star  and  comparison  light.  The 
star's  light  passes  through  the  wedge-shaped  opening  a,  and 
the  comparison  light  through  the  rectangular  openings  h,  h.  The 
wedge-shaped  opening  will  give  any  width  of  spectrum  between  o 
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and  o .  8  mm,  depending  upon  its  position  when  the  prisms  are  in 
contact,  a  notch  being  cut,  as  shown,  in  the  front  of  each  above  the 
wedge  to  allow  the  light  unobstructed  passage.  Three  adjustable 
abutting  screws,  against  which  the  rack  and  pinion  can  move  the 
prisms,  allow  the  usual  widths  to  be  reproduced  at  will.  At  the 
same  time  the  rectangular  openings  give  comparison  spectra  of 
the  same  length  and  separation,  whatever  the  width  of  star  spec- 
trum within  the  preceding  Hmits.  If  nebular  or  planetary  spectra 
are  desired,  all  that  is  necessary  is  to  separate  the  prisms  by  the 
right-and-left-hand  screw  the  required  distance,  and  the  comparison 


Fig.  I. — Slit  diaphragm  and  comparison  prisms,  1.7  times  natural  size 


spectra  remain  automatically  at  the  same  separation  from  the 
edges  of  this  widened  spectrum.  The  rectangular  notches  c  are 
for  the  purpose  of  placing  a  central  strip  of  comparison  spectrum 
between  the  outer  strips,  which,  in  conjunction  with  a  semicircular 
diaphragm  inserted  at  the  colUmator  objective,  enables  the  Hart- 
mann  method  of  focusing  the  camera  to  be  readily  applied. 

Evidently  the  comparison  spectrum  can  be  applied  as  often  as 
desired  without  stopping  or  affecting  the  exposure  on  the  star  spec- 
trum or  touching  the  slit-head.  All  that  is  necessary  is  to  snap 
on  the  switch  that  starts  the  iron  arc  used  as  comparison  source, 
which  is  fed  by  the  220-volt  direct  current  used  in  operating  the 
telescope.     This   device   works   admirably,   gives   exactly  similar 
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and  uniformly  exposed  comparison  spectra,  always  remains  in 
adjustment,  and  has  the  additional  advantage  over  previous  devices 
of  readily  giving  adjacent  comparison  spectra  for  determining 
camera  focus  by  the  Hartmann  method.  Both  arc  and  guiding 
telescope  are  adjustably  attached  to  the  supporting  frame,  do  not 
touch  spectrograph  box  or  slit-head,  and  no  pressure  on  them  can 
possibly  affect  the  position  of  the  lines. 

THE    SPECTROGRAPH   BOX 

As  previously  stated,  the  box  carrying  all  the  optical  parts  is  a 
self-contained  unit  and  is  carried  and  supported  without  stress  in 
coUimation  with  the  telescope  by  a  surrounding  frame,  to  which  it  is 
attached  at  two  points.  The  general  shape  of  this  box,  which  is  a 
single  aluminum  casting,  is  well  shown  in  Plate  XIII,  which  illus- 
trates the  spectrograph  proper  in  its  supporting  frame  attached  to 
the  telescope.  The  circular  opening  in  the  side  directly  over  the 
prisms  and  link-work  enables  them  to  be  readily  reached  for  changes 
and  is  normally  covered  by  the  three  plates  on  the  floor.  The  three 
projections  to  the  right  are  for  inserting  the  cameras  for  use  with 
one,  two,  or  three  prisms.  Another  projection  for  carrying  the 
collimator  tube  extends  centrally  up  within  the  supporting  frame, 
and  this  is  united  to  the  third  camera  projection  by  a  box  girder, 
seen  in  the  photograph,  cast  integral  with  the  spectrograph  box. 
This  box,  as  it  is  in  one  casting  with  only  the  circular  opening  at 
one  side,  is  exceedingly  stiff  and,  being  of  aluminum,  comparatively 
light. 

The  minimum-deviation  link-work,  which  carries  and  maintains 
prism  cells  and  prisms  always  at  minimum  deviation,  whatever 
part  of  the  spectrum  is  central,  is  similar  in  design  to  that  used  by 
the  Brashear  Co.  in  their  universal  spectroscopes,  with  the  addition 
of  guiding  links  to  always  align  the  cameras,  when  used  with  one, 
two,  or  three  prisms,  along  the  optical  axes.  It  is  exceptionally 
well  made,  without  lost  motion  or  backlash  of  any  kind,  and  one 
can  be  certain  that  after  the  prisms  are  adjusted  in  their  cells  they 
are  always  at  minimum  deviation  and  the  axes  of  the  cameras 
parallel  to  the  central  emergent  ray,  whether  one,  two,  or  three 
prisms  are  used,  and  whatever  the  region  of  the  spectrum.     A  scale 
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and  magnifying  index  enables  any  region  to  be  accurately  set  to  or 
recovered  when  desired.  This  link-work,  however,  is  not  depended 
on  for  rigidly  holding  prisms  and  camera  in  position  but  only  serves 
to  fLx  their  relative  positions.  Bolts  through  each  corner  of  the 
triangular-shaped  prism  tables,  and  two  at  each  end  of  the  cameras, 
passing  through  slotted  holes  in  the  i6-mm  thick  base  of  the  box, 
enable  prisms  and  camera,  when  adjusted  by  the  link-work,  to  be 
as  rigidly  fixed  to  the  spectrograph  box  as  if  it  had  no  adjustable 
features  whatever,  or  was  specially  made  for  one  dispersion  and 
wave-length  only.  The  prisms  are  held  in  substantial  cast-iron 
cells,  these  latter  being  attached  to  the  movable  prism  tables  by 
screws  and  dowel  pins,  so  that  if,  for  example,  the  second  prism 
has  to  be  removed  to  use  the  one-prism  form,  this  is  done  by  un- 
screwing four  screws  and  taking  out  cell  and  prism  as  a  unit.  The 
dowel  pins  insure  its  return  to  exactly  the  same  position  and 
adjustment. 

The  collimator  tube  is  of  steel,  and  the  cameras  are  of  brass. 
Previous  experience  has  shown  that  with  the  triplet  type  of  objec- 
tives such  construction  made  change  of  focus  with  change  of 
temperature  compensatory,  and  no  change  of  camera  setting  is 
necessary  between  winter  and  summ.er  temperatures,  which  is  a 
great  convenience.  The  collimator  tube  is  placed  in  the  most 
convenient  position  and  firmly  clamped  there,  as  the  focusing  of  the 
star  image  on  the  slit  is  effected  by  moving  the  secondary  mirror 
in  and  -out  with  a  slow  motion  operated  by  a  hand  wheel  near  the 
guiding  eyepiece.  This  method  is  very  accurate,  sensitive,  and 
convenient,  and  the  focus  can  be  readily  and  closely  determined 
visually  by  the  appearance  of  the  image  on  the  slit-jaws. 

The  medium-focus  camera  is  in  position  for  using  one  prism,  in 
the  photograph  of  the  spectrograph, Plate  XIII,  while  the  short-focus 
camera  is  on  the  floor.  They  are  of  exceptionally  rigid  construction 
to  avoid  flexure;  the  objectives  are  permanently  screwed  in  the  inner 
ends  of  the  tubes,  while  focusing  is  effected  by  rack  and  pinion  on 
the  plate-holder  end,  read  by  scale  and  vernier  to  tenths  of  milli- 
meters. The  plate-holders  are  of  metal,  book-form  style,  opening 
in  the  middle,  the  plate  2  X4  in.  in  size  being  held  down  by  a  spring 
against  a  raised  surface  on  the  edge  of  an  opening  i  by  35  in.  in  the 
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front  half  of  the  holder.  The  plates  are  hence  supported  parallel 
to  the  spectrum  all  along  its  length,  only  half  an  inch  away  from 
it,  and  any  curvature  of  the  plate  will  hence  have  negligible  influ- 
ence on  the  focus  or  measures.  The  plate-holder  and  carrier  move 
transversely  in  ways  so  that,  if  desired,  several  spectra  may  be  made 
adjacent  to  one  another  on  the  same  plate.  In  addition  a  tilt  of 
about  15°  each  way  can  be  given  to  the  plate  to  enable  it  to  be 
adjusted  tangent  to  the  focal  plane.  The  medium-  and  long-focus 
cameras  can  be  operated  through  doors  in  the  temperature  case, 
but,  as  the  plate  comes  within  the  spectrograph  box  in  the  short- 
focus  camera,  suitable  openings  covered  by  hinged  doors  are 
made  in  the  camera  projections  of  the  box  and  corresponding  open- 
ings in  the  temperature  case  to  enable  the  plate-holders  to  be 
inserted  and  changed. 

THE    SUPPORTING   FRAME 

This,  as  well  as  the  spectrograph  box,  is  of  cast  aluminum,  both 
being  exceptionally  fine  castings.  It  is  of  hollow,  rectangular, 
prism-shaped  form,  with  a  substantial  circular  flange  at  the  top, 
which  is  held  by  8  cap  screws  firmly  to  the  revolving  cast-iron  ring 
at  the  lower  end  of  the  tube.  The  spectrograph  box  is  held  in  the 
frame  by  two  shafts,  of  which  the  lower  one,  which  can  be  seen  in 
the  figure,  Plate  XIII,  at  the  bottom  of  the  frame,  forms  the  princi- 
pal support.  The  upper  shaft  is  within  the  small  circular  cover  plate 
on  the  side  of  the  frame  and  serves  to  keep  the  instrument  from 
rotating  on  the  lower  shaft.  Both  of  these  shafts  arc  so  attached 
to  the  frame  and  pivoted  in  the  box  that  no  possible  flexure  of  the 
former  can  produce  any  stress  in  the  latter,  which  is  carried,  as  it 
were,  in  a  flexible  cradle.  ColUmation  of  the  spectrograph  with 
the  optical  axis  of  the  telescope  is  effected  by  adjustments  on  these 
two  shafts.  This  collimation  was  performed  before  the  optical 
parts  were  placed  in  the  spectrograph  by  turning  the  telescope 
tube  vertical  and  hanging  a  steel  pUiiiib  line  down  its  exact  center 
and  through  the  collimator  tube.  The  speclrograj^h  box  was  then 
adjusted  on  the  two  shafts  until  the  wire  was  exactly  central  at  the 
upper  and  lower  ends  of  the  collimator  tube.  Flexure  in  other  posi- 
tions of  the  telescope  will  change  the  collimation  slightly,  but  this 
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w-ill  be  of  the  second  order,  unavoidable,  and  cannot  cause  appre- 
ciable error  in  the  observations.  The  inside  of  the  frame  where  it 
surrounds  the  collimator  projection  and  tube  is  lined  with  felt,  has 
part  of  the  heating  wires  on  the  two  sides,  and  really  forms  part  of 
the  temperature  case. 

THE    TEMPERATURE   CASE 

The  temperature  case  is  attached  to,  and  indeed  forms  a  part  of, 
the  supporting  frame  and  does  not  touch  the  spectrograph  box  at 
any  point.  The  very  workmanlike  and  convenient  combination 
of  box,  frame,  and  case,  due  to  the  Warner  &  Swasey  Co.,  forms 
a  new  t\pe  of  design  of  simple  arrangement  and  line  proportions, 
and  one  in  which  the  necessary  adjustments  or  changes  can  be 
made  with  the  greatest  convenience.  The  temperature  case  proper 
can  be  seen  detached  in  Plate  XIII  and  attached  in  Plate  XII. 
It  has  sheet-aluminum  sides  and  cast-aluminum  edges,  is  firmly 
screwed  to  the  supporting  frame,  and  is  lined  throughout,  and  the 
entire  spectrograph  box  is  hence  inclosed  with  felt  one-half  inch 
thick,  forming  a  very  efficient  heat  insulation.  Large  circular 
openings  at  each  side  and  covers  for  the  cameras,  all  quickly 
detachable,  enable  any  changes  of  adjustment  to  be  made  with- 
out remoxdng  the  case,  while  plate-holders  are  changed  through 
hinged  doors. 

The  inside  of  the  case  is  heated  by  passing  the  iio-volt  lighting 
current  through  wires  uniformly  distributed  over  and  sewed  to  the 
felt,  and,  as  the  difi"erence  between  inside  and  outside  temperatures 
is  generally  not  more  than  three  or  four  degrees  Centigrade  and 
the  case  is  well  heat-insulated,  very  little  current  is  required. 
Exploring  thermometers  have  shown  \er\  nearly  uniform  tempera- 
ture all  over  the  inside  of  the  case,  even  when  the  air-stirring  fan 
within  is  not  operating.  The  heating  current  is  turned  on  and 
off  automatically  by  a  mercury-contact  thermometer  operating 
a  relay,  and  this  works  satisfactorily,  there  rarely  being  a  change 
greater  than  o?i  C.  during  a  night's  work.  It  is  proposed,  as  soon 
as  it  can  be  obtained,  to  instal  a  Callendar  recorder  to  regulate  and 
record  the  temperature  within  the  case.  As  the  regulating  resist- 
ance can  be  divided  between  the  inside  of  the  case  and  the  inside  of 
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the  prism  box,  it  should  be  possible  by  suitably  proportioning  the 
amount  of  resistance  in  each  to  keep  the  spectrograph  constant  to 
within  o?oi  C. 

PERFORMANX'E    OF    THE    SPECTROGRAPH 

The  collimator  focus  was  adjusted  by  Schuster's  method,  and 
the  camera  is  focused  by  the  Hartmann  method,  the  very  con- 
venient means  for  applying  this  test  having  already  been  described. 
The  field  of  the  medium-focus  camera,  focal  length  711  mm,  which 
is  the  one  now  in  use.  is  slightly  convex  toward  the  lens,  the  devia- 
tion at  X  4600  at  one  end  and  at  X  3900  at  the  other  from  the  tangent 
plane  at  X  4200  being  less  than  o .  i  mm.  Evidently,  when  the  dis- 
persion is  greater,  with  two  prisms,  say,  the  field  will  probably  be 
practically  flat.  As  it  is,  by  accommodating  the  focus  sHghtly,  no 
part  of  the  spectrum  between  X  3900  and  X  4600  will  be  out  of  focus 
to  a  greater  extent  than  0.05  mm,  too  small,  when  even  only 
approximately  uniform  illumination  by  star  and  spark  Hght  is 
secured,  possibly  to  aft'ect  the  measures.  As  previously  stated,  no 
change  of  camera  setting  with  change  of  temperature  is  required, 
but  as  a  precaution  the  setting  is  periodically  tested. 

Tests  for  flexure  with  the  extended  one-prism  form,  where  it 
would  be  the  maximum,  showed  quite  inappreciable  displacements, 
even  under  the  most  unfavorable  conditions  and  abnormal  hour- 
angle  changes. 

However,  the  best  test  of  the  performance  of  the  spectrograph 
is  actually  making  and  measuring  spectrograms,  and  under  this 
final  exacting  test  the  instrument  has  exceeded  expectations.  It 
has  only  been  used  with  the  single  prism  and  medium-focus  camera 
giving  a  linear  dispersion  at  H7  of  about  35  A  to  the  millimeter. 
About  1300  spectra  of  stars,  mostly  fainter  than  6.0  photographic 
magnitude,  have  been  obtained,  and  half  of  them  measured.  Under 
average  conditions  of  seeing  and  of  the  silver  surfaces,  a  well-exposed 
spectrum  of  a  star  of  ph()t()graj)hic  magnitude  7  .0  can  be  obtained 
in  twenty  to  twenty-five  minutes.  I  am  convinced  that  with  a 
good  silver  coat  and  good  seeing  this  could  easily  be  reduced  to 
fifteen  minutes. 

The  accuracy  of  the  resulting  spectrograms  is  also  very  gratify- 
ing.    It  is  generally  considered  that  a  three-prism  spectrograph 
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should  give  radial  velocities  with  a  probable  error  of  half  a  kilometer. 
It  would  naturally  be  expected  that  with  a  dispersion  less  than 
one-third  the  probable  error  would  be  trebled,  but  this  is  by  no 
means  the  case.  The  resulting  probable  error  for  stars  with  good 
lines,  F  to  M  types,  is  well  under  i  km,  and  for  G,  K,  and  M  types 
seems  to  average  about  ='=0.85  km  per  second.  On  stars  with  few 
or  poor  lines  this  will  of  course  be  increased,  but  if  the  lines  are 
poor  better  values  can  probably  be  obtained  with  low  than  with 
high  dispersion. 

In  view  of  the  accuracy  obtainable  with  this  dispersion,  and  in 
consideration  of  the  fact  that  three-prism  spectra  require  at  least 
five  times  the  exposure,  it  seems  to  me  questionable,  for  radial 
velocities  of  stars  fainter  than  sixth  magnitude,  whether  the  doubled 
accuracy  of  determination  justifies  the  additional  time  consumed 
at  the  telescope.  Some  special  tests  have  shown  that  as  far  as 
can  be  determined  the  systematic  displacements  are  negligible  in 
comparison  with  the  errors  of  measurement  of  the  spectra,  and  that 
by  remeasurement  the  range  in  values  and  the  probable  errors  are 
generally  reduced.  Double  the  number  of  single-prism  plates 
could  be  obtained  in  40  per  cent  of  the  time  of  three-prism  plates, 
and,  with  care  in  the  measurement,  the  mean  values  should  not 
greatly  differ  in  accuracy  in  the  two  cases. 

The  test  of  actual  use  has  convincingly  shown  that  both  tele- 
scope and  spectrograph  are  most  efficient  and  convenient  to  ope- 
rate, and  we  have  not  been  able  yet  to  discover  any  features  that 
could  be  improved.  A  great  part  of  this  success  is  undoubtedly 
due  to  the  ever-present  determination  of  the  makers,  of  both  optical 
and  mechanical  parts,  to  produce  the  best  possible  instrument 
regardless  of  cost,  and  it  is  only  my  duty  as  well  as  my  pleasure  to 
express  here  my  gratitude  to  the  John  A.  Brashear  Co.,  Ltd.,  and 
the  Warner  &  Swasey  Co.,  for  the  spirit  with  which  they  attacked 
the  various  problems  that  arose,  and  for  the  success  that  attended 
their  efforts  to  make  an  equipment  for  astronomical  research 
capable,  by  its  accuracy  and  efficiency  as  weU  as  by  its  size,  of  so 
greatly  extending  our  knowledge  of  the  universe. 

Dominion  Astrophysical  Observatory,  Victoria,  B.C. 
January  15,  1919 


A  FURTHER  STUDY  OF  MET.\LLIC  SPECTRA 
PRODUCED  IN  HIGH  VACUA^ 

By  EDNA  CARTER  and  ARTHUR  S.  KING 

Using  the  methods  employed  in  a  former  investigation,^  we  have 
made  a  study  of  the  spectra  of  manganese,  titanium,  magnesium, 
and  cadmium,  as  produced  by  vaporizing  the  substance  through  the 
heating  effect  of  a  stream  of  cathode  rays  and  exciting  the  vapor  to 
luminescence  by  the  bombardment  of  the  cathode  particles.  The 
spectra  thus  obtained  seem  to  be  quite  definite  and  characteristic 
of  this  mode  of  excitation.  Additional  observations  of  the  calcium 
spectrum  have  confirmed  the  pre\'ious  results,  and  for  the  iron 
spectrum  a  considerable  number  of  lines  has  been  obtained  with  a 
slightly  different  arrangement  of  circuit. 

The  form  of  the  discharge-chamber  is  similar  to  that  used  in  the 
previous  work.  In  order  to  withstand  the  heat  developed  by  the 
heavier  discharge  required  to  vaporize  the  more  refractory  metals, 
the  parts  formerly  of  glass  were  replaced  by  fused  quartz  or  silica- 
ware.  The  glass  bell-jar  was  superseded  by  an  inverted  crucible  of 
silica-ware  eight  inches  in  diameter.  Through  the  top  a  hole  was 
bored  into  which  a  tube,  T,  Fig.  i ,  of  opaque  quartz  was  fitted  by 
tapering  it  slightly  at  the  end.  Through  this  was  passed  another 
similar  tube,  which  was  fitted  into  a  hole  bored  into  a  small  quartz 
crucible,  B,  about  two  inches  in  maximum  diameter.  This  flared 
around  the  cathode,  C,  and  helped  to  concentrate  the  discharge. 
The  aluminum  cathode  was  melted  by  the  heat,  so  it  was  replaced 
by  a  more  massive  one  of  copper  faced  with  iron.  This  was  con- 
nected by  a  copper  rod  with  a  copper  recei>tacle,  £,  in  which  ice 
was  placed.  The  joints  were  cemented  with  sealing-wax.  In  the 
large  crucible  two  holes  were  bored  opposite  each  other,  into  which 
tubes  bearing  quartz  windows  were  set  for  viewing  and  photo- 
graphing the  luminescence  spectrum  just  above  the  anticathode. 

'  Conlribulions  from  the  Mount  Wilson  Solar  Observatory,  No.  i66. 
'A//.  Wilson  Contr.  No.  125;  Aslropliysieal  Journal,  54,  303,  1916. 
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The  base-plate  of  f -inch  glass  was  retained,  protected  from  the 
heat  by  a  J-inch  aluminium  plate,  D,  supported  a  short  distance 
above  it.  An  opening  in  the  aluminum  plate,  covered  by  a 
quartz  window,  permitted  a  \'iew  of  the  discharge  from  below. 
The  anode,  A,  was  introduced  through  a  quartz  tube,  which 
projected  through  the  base-plate  and  the  aluminum  plate.  The 
metal  to  be  examined,  M,  was  contained  in  a  quartz  tube  supported 
in  a  base-plate,  F,  of  the  same  material.  The  tube  was  slotted 
vertically  at  the  upper  end  to 
expose  the  luminescent  vapor, 
while  also  confining  it.  The 
metal  was  placed  just  below  the 
slot,  the  quantity  used  depend- 
ing upon  the  ease  with  which  it 
could  be  vaporized. 

The  discharge  was  produced 
by  a  transformer  with  a  rotary 
spark-rectifier.  The  evacuation 
was  effected  by  two  rotary  oil 
pumps  in  series.  In  general,  the 
metal,  as  soon  as  it  began  to 
vaporize,  aided  the  evacuation 
by  absorbing  the  gases  in  the  [ 
chamber.  Sometimes  the  ab- 
sorption was  so  complete  that 
it  was  necessary  to  leave  a  fine 
capillary  tube  open  to  the  out- 
side air  in  order  to  keep  up  the  discharge.  The  iron  vapor  did 
not  seem  to  have  this  absorbing  power,  so  that  it  was  difficult  to 
obtain  a  satisfactory  spectrogram  of  iron  except  by  making  the 
metal  the  anode.  When  a  Fe-^SIn  alloy  was  used  there  was  no 
trace  of  iron  in  the  spectrum  of  manganese  thus  obtained,  although 
a  hole  several  milHmeters  deep  was  made  in  the  metal  at  the  focus 
of  the  rays. 

The  spectra  were  photographed  for  the  most  part  in  the  first 
order  of  a  i-meter  concave  grating,  the  scale  being  i  mm=i7  A. 
In  order  to  detect  any  differences  in  the  spectrum  at  different 


Fig.  I 
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distances  from  the  hot  metal,  photographs  of  the  spectra  of 
titanium,  magnesium,  and  calcium  were  also  made  with  a  quartz 
spectrograph,  but  no  notable  difference  was  found.  The  expo- 
sure time  varied  from  fifteen  minutes  in  the  case  of  cadmium, 
with  a  discharge  current  of  about  5  milliamperes  and  a  parallel 
spark  of  20-30  mm,  to  seventy  minutes  for  titanium,  the  current 
being  9-12  milliamperes  and  the  parallel  spark  60-120  mm  in 
length.  It  was  imprudent  to  run  this  latter  discharge  more  than 
ten  minutes  at  a  time  on  account  of  the  warming  of  the  sealing-wax 
joints. 

M.\NGAXESE 

The  number  of  manganese  lines  identified  is  the  largest  thus  far 
photographed  in  luminescence  spectra.  The  best  spectrogram  was 
obtained  with  a  current  of  8  milliamperes,  the  parallel  spark-gap 
being  about  5  cm.  The  lines  which  appear  in  the  luminescence 
spectrum  are  listed  in  Table  I,  with  their  intensities  in  this  source 
and  for  the  furnace  (at  about  2200°  C),  arc,  and  spark.  The 
intensities  for  the  arc  and  spark  are  taken  from  the  tables  of  Exner 
and  Haschek,  and,  while  on  a  different  scale  from  the  other  estimates, 
they  serve  to  show  in  which  of  these  two  sources  a  line  is  relatively 
strong. 

A  comparison  of  the  luminescence  lines  with  those  of  the  three 
other  sources  serves  to  show  the  distinctive  character  of  the  lumi- 
nescence emission.  Among  the  lines  relatively  strong  in  the  spark, 
only  X  4235  is  notably  strong  in  the  luminescence.  Of  a  group  of 
nine  enhanced  lines  from  X  3442  to  X  3498  only  a  trace  of  the 
strongest  appears. 

An  inspection  of  Table  I  shows  also  many  divergences  of  the 
luminescence  spectrum  from  that  of  the  furnace.  A  notable 
contrast  is  given  by  the  moderately  strong  luminescence  lines 
XX  4058,  4060,  and  4062,  which  do  not  appear  in  the  furnace.  The 
resemblance  to  the  arc  spectrum  is  closer,  but  this  is  found  to  result 
from  the  fact  that  the  luminescence  emission  picks  out  certain  arc 
Lines  and  gives  them  with  high  intensity.  That  most  of  the  lumi- 
nescence lines  appear  also  in  the  furnace  is  a  consequence  of  the 
usual  condition  that  most  of  the  arc  lines  are  given  with  greater  or 
less  intensity  by  the  furnace. 
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TABLE  I 
Manganese 


X  (Exner  and    Lumi- 
Haschek)     nescence 


Furnace 


2576. 
2593 
2605. 
2704. 
2713 
2726. 
2761 . 
2776. 
2778. 
2782. 
2794- 
2798. 
2799- 
2801. 
2802. 
2818. 
2858. 
2872. 
2914. 
2925. 
2930. 
2933- 
2939- 
2940. 
2949. 
3044- 
3054- 
3062. 
3066. 
3070. 
3073- 
3079- 
3081. 
3148. 
3161- 
3178. 
3212. 
3217. 
3224. 
3228. 
3230. 
3234- 
3235- 
3236. 
3237. 
3240. 
3240. 
3243- 
3247. 
3248. 
3253. 
3254. 
3256. 
3258. 
3260. 
3264. 
3278. 
3280. 
3297 
3312. 
3313 
3313 
3314 
3315 
SSI*? 
3317 


200R 
150R 

2 
looR 


5 

S 

5 

5 

5 

4 

5 

6 

7 
10 
30R 
30R 
2or 


Arc 


Spark 


4R 
4R 

4 
S 
5 
5 
3 


50R 
50R 

2 

soR 


30R 
isR 

loR 


X  (Exner  and  Lumi- 
Haschek)  1  nescence 


3320.82 
3330-80 
3442.13 
3532.02 
3532. IS 
3532.26 

3547.93 
3548.16 
3548.30 

3=:69.6s] 

3=69.96^ 

3570. 23J 

357625. 

3577. 99- 

3580.3.. 

3586.69. 

359529. 

3607.69. 

36^8. 66. 

3610.49. 

3619.42. 

3623.96. 

3629.89. 

379038. 

3800.70. 

3806.90. 

3809.75. 

3823.64. 

3824.03. 

3829.80. 

383401. 

3834-50. 

3839.90. 

3841-23- 

3844-12 

3926.63. 

3943-05. 

3982.73- 

3985.40. 

3986.98! 

3987   26 

4018.28 

4030.92 

4033.21 

4034-62 

4035-88 

4041  -  53 

4048 . 90 

4055  70 

4058.10 

4059-54 

4061 .90 

4063 . 70 

4079-38 

4079-61/ 

4083.11. 

4083.82. 

4147.71- 

423s -41 - 

4239.90. 

4257-83. 

4266.10. 

4281.30. 

4436.52. 

4451.78. 


3 
150 
100 
lOO 


Furnace 


15J 

15 
15 
10 


200R 
iSoR 
150R 

15 

40 

IS 


Jio 
\io 


Arc 


looR 

looR 

looR 

5 


Spark 


20R 
20R 
loR 
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X  (Exner  and 
Haschek) 

Lumi- 
nescence 

Furnace 

Arc 

Spark 

X  (Exner  and 
Haschek) 

Lumi- 
nescence 

Furnace 

Arc 

Spark 

4455. 2ol 
4455-Si/"" 

4456.02 

4457-76 

4458-48 

4461-30 

4462.20 

4464.88 

4754-24 

4762.60 

4766.08 

IS 

5 
8 
15 

8 
40 

I 
10 

2 

I 

2 

I 
I 
2 
I 
3 
4 
50 
10 
4 

5 

6 

S 

10 

8 

30 

10 

6 

3 
3 
3 

4 
5 
4 
8 
5 
8 
4 
3 

4766.63.. 
4783.62.. 
4823.71.. 
5341.25.. 
539,4  -  89  -  - 
5420.61 . . 
5470.88.. 
5481.61.. 
551700.. 
5537-99- 

I 

IS 

IS 

15 

I 

6 

5 

2 

2 

2 

6 

50 
50 
50 
40 

2S 
15 

8 
10 
6 

8 
30 
30 
IS 

8 
10 
10 

8 

10 
10 

3 

8 

10 

8 

I 
3 
2 
I 
2 
I 

Two  sections  of  the  manganese  luminescence  spectrum,  with  that 
of  the  arc  for  comparison,  are  reproduced  in  Plate  XIV.  While 
many  of  the  luminescence  lines  are  too  faint  to  appear  in  the  copy, 
the  general  effect  of  certain  arc  lines  being  brought  out  while  other 
strong  ones  are  absent  may  be  clearly  seen. 

TITANIUM 

The  titanium  luminescence  lines  are  given  in  Table  II,  with  the 
arc  and  spark  intensities  of  Exner  and  Haschek  for  comparison. 
The  results,  considering  the  high  melting-point  of  this  element, 
show  the  possibility  of  studying  the  more  refractory  substances  by 
this  method.  It  will  perhaps  be  sufficient  to  note  briefly  the  points 
of  difference  from  the  furnace,  vacuum  arc,  and  the  arc  and  spark  in 
air,  photographs  of  which  were  available  for  comparison.  As 
for  manganese,  a  decided  selective  action  by  the  luminescence  is 
apparent,  many  strong  arc  hnes  being  absent  or  very  faint.  A 
comparison  with  the  furnace  spectrum,  however,  shows  many 
resemblances.  The  prominent  luminescence  lines  are  strong  also 
in  the  furnace  and  reverse  at  high  temperature,  their  relative 
strength  in  a  given  region  often  being  not  greatly  different  in  the 
two  sources.  There  are  exceptions,  however,  to  this  rule,  and 
strong  furnace  lines  are  frequently  lacking  in  the  luminescence 
spectrum.  There  is  an  absence  of  even  a  slight  approach  to  the 
spark  spectrum,  since  the  enhanced  lines  of  titanium,  many  of 
which  appear  with  considerable  strength  in  the  arc  and  can  be 
obtained  faintly  even  in  the  furnace,  are  either  absent  in  the 
luminescence  or  among  the  fainter  lines  of  this  spectrum.     The 
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TABLE  II 
TiTAxruii 


X  (Exner  and 
Haschek) 


20. 

35- 
71- 
12. 

37- 

27- 

41- 
99- 
58. 
14- 
08. 

55- 
38. 
68. 
72. 
oil 
30  J 
I7\ 
56^ 
80. 
56. 
41- 
61. 
62. 
03- 
70- 
35- 
47- 
90. 
8o\ 
10/ 
84. 
74- 
49- 
06. 

35- 
61. 
81. 
66. 

74- 
26. 
80. 
15- 
85- 
37- 
09. 

52- 
73- 
97- 
25- 
22. 
00. 


Lumi- 
nescence 


Arc 


I 

4 

4 

4 

tr 

I 

10 

12 

20 


50 

6 

60 
I 

8 
40 
70 


10 
3 
3 

20 

tr 

tr 

tr 

I 

I 

50 

70 

100 


3 
10 


S 

7 

50 

70 

I 
100 


10 

5 
10 

3 
10 

3 
3 
3 

/2 

\S 

2 

2 

4 

3 

4 

IS 

15 

IS 

3 

4 

3 

3 

4 

8 

3 
S 
3 
8 

IS 
2 

IS 


Spark 


4 

2 
2 
2 
2 

3 

I 

3 

2 

15R 
6R 

loR 

8R 
loR 
3 


30R 

2 

2 

20R 

3 

I 

I 

20R 


2 
10 
10 

30 
2 

3 
3 
4 
2 

3 

2 
2 

3 
100 
2 
2 
3 
4 
2 
6 
S 


3753 
37S9 
3761 

3771 
3786 
3789 
3796 
3798 
3818 
3836 
3846 
3921 
3924 
3930 
3947 
3948 
39S6 
3958 
3963 
3964 
3981 
3982 

3989 
3998 
4009 
4024 
4078 
4112 
4122 

4123 
4127 

4137 
4151 
4171 
4200 
4282 
4286 
4289 
4291 
429s 
4298 
4300 

4301 
4306 

4314 
4318 
4321 
4325 
4326 
4427 
4430 
4434 


77 
48 
SO 
84 
20 

43 
02 

44 
35 
90 

54 
61 

71 
04 
98 
87 
SO 
39 
OS 
48 

95 
63 
94 
80 
12 
76 
62 
87 
30 
70 
67 
46 
12 
20 
90 
87 
19 
26 

19 
93 
89 

73 
24 
09 
96 

85 
89 
36 
54 
28 
52 
16 


3 

I 

I 

10 

I 

tr 

tr 

tr 

tr 

I 

I 

2 

10 


40 

40 

60 

6 

6 

SO 

2 

60 

70 

IS 
20 


6 
10 

I 
tr 
tr 
tr 
tr 
tr 
tr 


3 

10 

10 

4 

3 


15 


10 
20 


S 
3 
3 
3 
3 
3 
3 
2 

S 
10 

15 
10 
10 
12 
IS 

15 

20 

s 

10 


4 
10 

3 
5 


3 
20 
10 
3 
3 
2 
2 
2 


230 


EDNA  CARTER  AND  ARTHUR  S.  KING 
TABLE  II — Continued 


X (Exner  and 
Haschek) 


4449 
4451 
4453 
4455 
4457 
4496 
4512 
4518 
4522 
4527 
4533 
4534 
4535 
4536 
4536 
4544 
4548 
4552 
4555 


Lumi- 
nescence 


I 
12 
12 

15 
tr 


40 


Arc 


15 
10 


15 
15 


20 
15 


Spark 


X  (Exner  and 
Haschek) 


4599 
4617 
4656 
4667 
4682 
4981 
4991 

4999 
5007 

5014 
5036 
5036 
5038 
5040 
5064 
5173 
5193 
5210 


40.  . 
40.  . 
63.. 
77- • 
10.  . 

93- • 

24.  . 
68.. 
35  ■• 
39- • 
08I 

65/- 
59- • 
14.  . 
79.  . 
92.. 


59- 


Lumi- 
nescence 

Arc 

tr 

3 

tr 

10 

25 

8 

25 

10 

30 

10 

6 

20 

5 

20 

4 

20 

2 

20 

8 

20 

2 

Ixo 
\io 

I 

10 

3 

10 

3 

10 

I 

15 

I 

20 

2 

20 

Spark 


3 

5 

6 

10 

10 

10 

10 

8 

8 

8 

8 

3 

S 

5 

8 

10 


titanium  vacuum  arc  also  does  not  show  differences  from  the 
ordinary  arc  in  the  direction  of  a  resemblance  to  the  luminescence 
spectrum.  The  effects  point  to  a  distinctive  character  in  the 
emission  resulting  from  the  cathode  bombardment. 

MAGNESIUM 

Magnesium  metal  was  used  as  the  anticathode,  and  spectra 
were  obtained  both  for  the  usual  arrangement  with  an  insulated 
target  and  when  it  was  connected  as  anode.  The  intensities  of  the 
lines  under  these  conditions  are  given  in  Table  III.  The  difference 
found  was  chiefly  in  the  general  intensity  of  the  light,  the  anode 
connection  giving  a  much  stronger  spectrum  when  the  same  length 
of  parallel  spark  was  used. 

An  interesting  mixture  of  arc  and  spark  lines  is  presented  by 
these  high-vacuum  spectra.  Six  ultra-violet  enhanced  lines. 
XX  2791,  2796,  2798,  2803,  2929,  and  2937,  are  strong  for  both 
arrangements  of  the  anticathode.  These  are  placed  by  Fowler' 
in  a  series  of  "wide  doublets."  The  much-studied  enhanced  line 
X4481,  belonging  to  a  different  series,  is  just  visible  in  the  lumi- 
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nescence  spectrum,  and  in  the  anode  spectrum  is  much  weaker -than 
the  adjacent  arc  lines.  The  ultra-\'iolet  doublets  appear  in  the 
ordinary  arc  in  air,  while  X  4481  does  not.  It  appears  that  in  the 
high-vacuum  spectra  for  magnesium  we  have  a  slight  approach  to 
the  spark  spectrum,  but  not  as  pronounced  as  can  be  obtained  in  the 


TABLE  III 

^lAGKESrCTM 


X  (Exner  and 
Haschek) 


2630. 
2633. 
2646, 
2649. 
2659. 
2668. 
2669. 
2672, 
2695. 
2698, 
2732, 

2733 
2736, 

2765 
2768, 
2776 
2778 

2779 

2781 

2783 
2790 

2795 
2798 
2802 
2846 
2848 
2852 

2915 
2928 


26. 
84. 
90. 
53- 
44- 
35- 
80. 
84. 
47- 
57- 
80. 
36. 
94- 
53- 
08. 
88. 

63- 
07. 
80. 
91. 

53- 
22. 

57- 
74- 


Lumi- 


10 
3 

2 
10 
80 

15 
60 


Anticathode 
as  Anode 


2 

tr 
tr 


2 

5 

10 
12 

2 

5 

12 
10 

IS 
10 
10 
20 
80 
20 
60 
8 
10 
500 
tr 
20 


X  (Exner  and 
Haschek) 


2936.99.. 
2938.67.. 
2942.21 . . 
3091.18. . 

3093I4-- 
3097.06. . 
3106.5. . . 
3330.08. . 
3332  28. . 
3336-83.. 

3829-5I-- 
3832.46. . 

3838.44-. 
3904.0. .  . 
3938.6... 
3987.08.. 

4058.45- • 
4167.81. . 
4352.18.. 
4481.3. .  . 
4571-33- • 
4703-33- • 
4730-42-. 
5167.55! 
5172.87/- 

5183.84.- 
5528.75- 
5711.38.. 


Lumi- 


15 

4 

6 

8 

20 

30 


5 
10 


40 
60 


10 
10 


Anticathode 
as  Anode 


30 

8 
15 
30 
50 
60 

3 

10 
20 
40 

50 

80 

100 

2 

3 

S 

8 

12 

20 

6 

25 

35 

4 

/15 

\i5 

30 

25 

2 


arc  under  special  conditions,  either  in  air  at  a  few  millimeters 
pressure,  in  hydrogen,  or  in  the  "tube-arc  "  formed  when  the  furnace 
tube  is  burned  apart  at  a  low  voltage.  In  these  sources  X  4481 
appears  with  great  intensity.  Without  further  data  on  the  state 
of  the  electric  field  producing  the  high-vacuum  spectrum,  it  is 
perhaps  useless  to  speculate  on  what  features  may  bring  about  this 
difference. 


232  EDNA  CARTER  AND  ARTHUR  S.  KING 

The  line  X4571,  faint  in  both  arc  and  spark,  is  strong  in  the 
luminescence  and  in  the  anode  spectra.  This  furnished  the  only 
point  of  similarity  to  the  furnace  spectrum,  in  which  at  low 
temperature  X  4571  dominates  this  region  of  the  spectrum. 

A  high  intensity  of  the  Rydberg  series  of  single  lines  is  a  notable 
feature  of  both  of  the  high-vacuum  spectra.  The  members  in  this 
list  are  XX  5529,  4703,  and  XX  4352-3987.  Two  other  lines  of  this 
series  appear,  which  have  been  observed  by  Fowler  and  Payn' 
in  the  vacuum  arc.  We  have  obtained  these  two  lines  also  by 
prolonged  exposure  of  the  magnesium  arc  in  air,  the  spectrum  being 
formed  by  the  15-foot  concave  grating.  Their  wave-lengths  were 
then  measured  as  393S .6  and  3904.0,  close  to  the  calculated  values 
of  the  tenth  and  eleventh  members  of  the  Rydberg  series. 

Janicki  and  Seeliger^  obtained  several  metallic  spectra  in  a 
discharge  at  low  pressure  and  observed  the  lines  occurring  near  the 
anode  and  cathode  respectively.  Those  in  the  positive  column 
were  the  stronger  arc  lines,  while  in  the  cathode  glow  the  spectrum 
contained  also  enhanced  lines.  Comparing  their  results  for  mag- 
nesium with  ours,  it  is  evident  that  the  presence  of  enhanced  lines 
in  the  luminescence  spectrum  and  in  that  obtained  with  the  anti- 
cathode  connected  as  anode  corresponds  most  nearly  with  conditions 
in  the  cathode  glow  spectrum  of  Janicki  and  Seeliger,  even  when 
we  observed  the  vapor  close  to  the  anode.  The  vacuum  employed 
by  us  was  probably  much  higher  than  the  vacuum  they  used,  and 
the  similarity  to  the  cathode  glow  spectrum  indicates  that,  with  a 
high  vacuum  and  the  concentration  of  cathode  particles  which  we 
have  employed,  the  cathode  emission  is  transferred  to  the  focus  of 
the  stream  at  the  anticathode.  With  magnesium  the  effect  of  the 
cathode  bombardment  at  this  point  appears  to  be  practically  the 
same  when  the  anticathode  is  also  the  anode. 

CADMIUM 

The  cadmium  luminescence  spectrum  shows  a  much  closer 
similarity  to  that  of  the  spark  than  was  found  for  magnesium.  The 
lines  obtained  are  listed  in  Tabic  IV,  with  tiicir  intensities,  and  also 

'  Proceedings  of  the  Royal  Society,  72,  253,  1904. 
»  Annalcn  dcr  Physik  (4),  44,  1151,  1914. 
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the  arc  and  spark  intensities  given  by  Exner  and  Haschek.  Three 
enhanced  lines,  XX  3250.51,  3535.83,  and  4415.89,  are  among  the 
stronger  lines  of  the  luminescence  spectrum.  Certain  strong  arc 
lines  are  seen  by  the  table  to  be  greatly  weakened  in  the 
luminescence. 

The  vacuum  arc  spectrum  of  cadmium  was  photographed  for 
comparison,  but  no  large  difference  from  that  of  the  arc  in  air  was 
observed,  the  effects  offering  a  decided  contrast  with  those  for 
magnesium,  for  which  the  spectrum  of  the  arc  in  vacuum  is  more 
like  that  of  the  spark  than  is  the  luminescence  spectrum. 

TABLE  IV 
Cadmixim 


A  (Exner  and 
HaschekJ 

Lumi- 
nescence 

Arc 

Spark 

A  (Exner  and 
Haschek) 

Lumi- 
nescence 

Arc 

Spark 

2265.11 

2288.09* 

2880.89 

2980.80 

3250-51 

3252.86 

3261.23 

3403  -  86 

3466.33 

6 

50 

2 

3 

30 

I 

100 

5 

15 

2 

500 

10 

30 

20 

20 

100 

100 

10 
10 

3 

3 
10 

3 

S 

30 

30 

1 

3467-76 

3535-83 

3610.72 

3613-04 

4415-89 

4662.8 

4678.38 

4800.14 

5086.06 

3 

4 

40 

S 
100 

4 

6 

10 

5' 

50 

I 

500 

50 

I 

5 

SO 

100 

100 

15 

4 

100 

15 
20 

2 

50 

100 

50 

*  Reverses  widely  in  arc,  with  low  photographic  density.  Not  given  in  arc  tables  of  Exner 
and  Haschek. 

A  comparison  with  the  results  of  Janicki  and  Seeliger^  shows,  as 
with  magnesium,  a  qualitative  correspondence  with  the  spectrum 
of  the  negative  glow,  the  lines  strengthened  in  the  luminescence 
spectrum  being  absent  in  that  of  the  positive  column. 


CALCIUM 

Two  successful  spectrograms  for  calcium  with  the  quartz 
spectrograph  confirmed  the  effects  described  in  the  former  paper, 
the  distinctive  features  being  great  intensity  of  X  4227  and  relatively 
high  strength  of  the  spark  line-pairs  and  members  of  the  single-line 
series.  The  position  of  the  luminescence  spectrum  of  calcium  with 
reference  to  the  arc  and  spark  spectra  is  about  the  same  as  in  the 
case  of  magnesium. 

'  Loc.  cit. 
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ANODE    SPECTRUM   OF   IRON 

Several  attempts  to  obtain  the  luminescence  spectrum  of  iron 
yielded  no  better  results  than  those  reported  in  the  former  paper. 
An  experiment  in  which  the  anticathode  was  made  the  anode, 
however,  gave  a  spectrum  of  such  distinctive  character  that  it  seems 
worth  while  to  print  a  list  of  the  Hnes  which  appeared  and  the  results 
of  a  brief  comparison  with  other  sources.  The  vapor  a  few  mil- 
limeters above  the  anticathode  was  photographed  in  the  same  way 
as  when  the  anticathode  was  without  anode  connection.  A  current 
of  15  milUamperes  was  used,  with  a  parallel  spark-gap  in  air  varying 
from  22  to  38  mm. 

The  lines  of  the  spectrum  thus  obtained,  with  their  intensities, 
are  given  in  Table  V.  The  effect  is  that  of  a  picking  out  of  certain 
arc  lines,  but  this  selection  results  in  a  spectrum  apparently  unique. 
Among  its  many  differences  from  the  ordinary  arc  or  spark  spectrum 
may  be  mentioned  the  extreme  faintness  of  the  triplets,  whose 
strongest  lines  are  at  X  4045  and  X  4383,  and  the  absence  of 
enhanced  lines.  Certain  low-temperature  lines  are  strong,  X4376 
being  twice  as  strong  as  X4383,  while  XX  4427,  4461,  and  4482  are 
relatively  prominent.  This  feature  can  be  reproduced  at  low 
temperatures  of  the  electric  furnace,  from  1500°  to  1600°  C,  and 
in  the  low-temperature  flames.  In  the  furnace  at  this  temperature, 
however,  X  4260  does  not  appear,  and  the  very  strong  anode  line 
X  4227.45  belongs  also  to  higher  furnace  temperatures.  The 
vacuum  arc  spectrum  of  iron  shows  no  approach  to  this  high- 
vacuum  spectrum.  In  the  ultra-violet,  while  many  of  the  strong 
lines  are  prominent  also  in  arc,  spark,  and  furnace,  others  are 
abnormally  strong  in  the  anode  spectrum,  and  many  arc  lines  of 
high  intensity  do  not  appear.  The  extension  toward  shorter  waves 
is  much  beyond  that  reached  by  the  high-temperature  furnace, 
though  the  spectrum  of  the  latter  is  richer  in  the  region  which  it 
covers. 

Plate  XV  illustrates  the  strongly  selective  action  of  the  anode 
discharge  as  compared  with  the  arc  in  air.  The  lines  not  belonging 
to  iron  are  the  manganese  triplet  at  X  4030  and  several  nitrogen 
bands.  The  latter  occur  in  both  the  negative  and  the  positive  pole 
groups.     The  presence  of  the  negative  bands  is  another  indication 
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of  cathode  conditions  due  to  the  pencil  of  rays  focused  here.     Both 
kinds  of  bands  were  found  also  when  the  anticathode  was  insulated. 

TABLE  V 
Anode  Spectrum  of  Irox 


X(IA) 


2462, 
2472. 
2479 
2483. 
2488. 
2490. 
2491. 
2522. 
2527. 
2545- 
2549- 
2719. 
2720. 
2741. 
2749, 
2966, 
2981. 
2983. 
2994. 
2999. 
3000. 
3008. 
3009. 
3018. 
3020. 
3020. 
3021. 
3024- 
3025. 

3037- 
3040. 

3047- 
3057- 
3059- 
3067. 
3286. 
3440. 
'3440. 
3443- 


.65. 
,91. 

,78. 
,28. 

15- 
66. 
16. 
86. 
44- 
98. 
62. 
04. 
91. 
83. 
49- 
90. 

45- 
57- 
43- 
52. 
95- 
14- 
58. 
99. 
50 
64 
oS 
04. 
85- 
39- 
43- 
61. 

45- 
09. 

25- 
76. 
61. 
99. 


I 
I 
10 
7 
5 


2 

4 
2 

tr 
3 
4 

35 
2 
I 

4 

I 

40 


4 
20 

5 

5 

I 

100 

.so 


X(IA) 


3465 
3475 
3476 
3490 
3497 
3497 
3581 
3608 
3610 
3618 
3631 
3647 
3679 
3687 
3705 
3709 
3719 
3722 

3727 
3733 
3734 
3737 
3745 
3748 
3749 
3758 
3763 
3767 
3795 
3812 

3815 
3820 

3824 
3825 
3827 
3834 
3840 

3849 
3856 


86 
45 
71 
58 
II 
84 
20 
86 
15 
77 
46 

85 
92 
46 
57 
25 
94 
57 
62 

32 
87 
14 
56 
26 
49 
23 
79 
19 
00 

97 
84 
43 
44 
89 
83 
23 
44 
97 
37 


IS 
tr 

I 


I 

7 

2 
12 

3 

150 

10 

I 

4 

100 

100 

80 

20 

40 

IS 

5 


2 
100 


50 
tr 


X(IA) 


3859  91 
3865.53 
3872.51 
3878.02 
3878.58 
3886.29 
3895.66 
3899.71 
3902.95 
3920.26 
3922.92 

3927.93 
3930.30 
4045.82 
4062.45 
4063 . 60 
4066 . 98 
4067.99 

4071.75 
4084.51 
4198.31 
4216. 19 
4227.45 
4238.83 
4247.44 
4258.39 
4260.49 
4271.76 
4282.41 
4307.91 
4325.77 
4375-93 
4383  55 
4404 . 75 
4427.31 
4461 .66 
4482. 26 
4528.62 


5 
30 

2 

3 


I 

I 
I 
I 
2 

15 

I 

tr 

I 

2 

3 

I 
tr 
tr 

4 


SUMMARY    OF   RESULTS 

Fairly  rich  spectra  of  manganese,  titanium,  iron,  magnesium, 
calcium,  and  cadmium  have  been  obtained  by  vaporizing  the  metal 
at  the  focus  of  a  beam  of  cathode  rays  in  a  high  vacuum  and  photo- 
graphing the  spectrum  of  the  vapor  in  the  path  of  the  rays.     The 
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spectrum  of  iron  was  obtained  by  making  the  anticathode  the  anode, 
but  photographs  of  the  magnesium  spectrum  made  in  both  ways 
indicated  that,  although  the  spectrum  was  more  intense  when  the 
metal  acted  as  anode,  it  did  not  differ  in  character  from  that 
produced  with  a  separate  anode  so  placed  that  the  anticathode  was 
out  of  the  path  of  the  current. 

Comparison  of  these  luminescence  spectra  with  the  arc,  spark, 
and  furnace  spectra  of  the  same  elements  shows  that,  although  in 
general  the  majority  of  the  lines  are  those  easily  excited  in  the  arc 
and  furnace,  the  following  pecuHarities  mark  this  as  a  source  having 
special  characteristics : 

1.  Certain  arc  and  furnace  lines  are  intensified,  while  other  lines, 
strong  in  these  sources,  are  greatly  weakened  or  are  absent. 

2.  The  resemblance  to  the  spark  spectrum,  as  measured  by  the 
tendency  to  give  enhanced  lines,  differs  greatly  for  different  ele- 
ments. The  production  of  enhanced  lines  is  very  marked  in  the 
case  of  cadmium;  they  are  present  also  to  a  considerable  extent 
with  magnesium  and  calcium,  but  to  a  very  slight  degree  for 
titanium,  manganese,  and  iron. 

3.  Where  series  relations  are  known,  "single-line"  series  are 
likely  to  show  a  relatively  greater  intensity  than  other  series  lines. 

4.  There  is  a  relatively  high  intensity  of  lines  in  the  ultra-violet 
as  compared  with  the  arc  and  furnace  spectra. 

Mount  Wilson  Solar  Observatory 
March  1919 


MONOCHROMATIC  AND    NEUTR.\L-TINT  SCREENS  IN 
OPTICAL   PYROMETRY 

By  W.  E.  FORSYTHE 

It  is  very  difficult  to  find  a  monochromatic  or  a  neutral-tint 
glass  screen.  Very  fortunately  for  optical  pyrometry  absolutely 
monochromatic  or  absolutely  neutral-tint  screens  are  not  necessary. 
In  general,  for  the  so-called  monochromatic  screen,  what  is  wanted 
is  a  screen  that  is  sufficiently  monochromatic  to  enable  different 
observers  to  obtain  very  closely  the  same  comparisons  in  brightness 
between  the  comparison  source  (or  pyrometer  filament  for  the 
Morse  pyrometer)  and  the  source  that  is  being  investigated. 

In  Fig.  I  is  shown  the  spectral  transmission  of  several  red 
glasses.  It  has  been  found  that  two  thicknesses  of  any  one  of  the 
glasses  whose  transmission  is  shown  by  the  curves  B,  C,  and  D 
give  a  transmission  band  sufficiently  monochromatic  to  permit 
comparisons  of  brightness  to  be  made  between  a  pyrometer  filament 
and  a  source,  even  where  the  color-difference  corresponds  to  that  of 
two  black  bodies  operated  at  1800°  and  3100°  K  respectively.  At 
the  same  time  two  thicknesses  of  each  of  the  glasses  whose  trans- 
missions are  given  by  curves  B  and  C  transmit  enough  light  to  per- 
mit comparisons  to  be  made  for  sources  at  very  low  temperatures. 

The  spectral  transmission  of  the  different  pieces  of  glass  was 
measured  with  the  spectral  pyrometer  shown  diagrammatically  in 
Fig.  2.  This  instrument  is  quite  similar  to  the  one  used  by  Hen- 
ning.'  The  pyrometer  filament  was  made  of  two-mil  tungsten  wire 
and  was  so  mounted  that  the  image  formed  by  the  lens  at  C  was 
horizontal,  while  the  slit  was  vertical.  The  background  lamp 
consisted  of  a  large,  gas-filled  tungsten  lamp  having  a  ribbon  fila- 
ment of  about  two  millimeters'  width.  This  filament  was  so 
mounted  that  its  image  at  the  slit  was  vertical,  and  of  such  width  as 
to  cover  much  more  than  the  slit.  To  match  the  brightness  of  the 
image  of  this  pyrometer  lamp  with  the  background  it  was  found 

^  Zeitschrift  fiir  Instriimenlenkunde,  30,  61,  1910. 
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Wave-length  in  ^ 
Fig.  I. — Spectral  transmission  of  various  red  glasses 

Curve  C  for  Jena  red  4512,  2 .93  mm  thick. 

Curve  E  for  Jena  red  2745,  3 . 2  mm  thick. 

Curve  Ajfor  Coming  high-transmission  red,  marked  150  per  cent,  5  mm  thick. 

Curve  B  for  Corning  high-transmission  red,  marked  50  per  cent,  5  mm  thick. 

Curve  D  for  Corning  high-transmission  red,  marked  28  per  cent,  6  mm  thick. 


c  "  fc 


Fig.  2 — Diagrammatic  sketch  of  spectra!  pyrometer 
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necessary  to  have  all  the  dififerent  parts  well  lined  up.  It  was  also 
necessary  to  use  a  diaphragm  with  a  small  opening  at  C  for  the  more 
luminous  parts  of  the  spectrum.  The  opening  in  this  diaphragm 
could  be  made  larger  for  work  at  the  ends  of  the  spectrum,  where  the 
amount  of  light  was  much  less.  The  image  of  the  pyrometer 
filament,  as  seen  through  the  eyepiece,  had  to  be  carefully  focused 
for  accurate  work.  As  this  depended  somewhat  upon  the  wave- 
length used,  a  scale  was  attached  to  the  lens  at  C,  so  that  it  was 
possible  to  reset  this  at  the  proper  place  for  the  different  parts  of 
the  spectrum  after  it  had  once  been  cahbrated. 

The  ribbon  filament  background  gave  the  very  high  bright- 
ness necessary  for  measuring  transmissions  that  were  as  small 
as  a  fraction  of  i  per  cent.  The  glass  whose  spectral  trans- 
mission was  to  be  measured  was  mounted  just  in  front  of  the 
pyrometer  lamp.  By  making  readings  of  the  current  through 
the  pyrometer  filament  for  an  apparent  match  of  brightness  with 
the  background,  as  seen  first  through  the  glass  and  then  through 
sectors  having  very  nearly  the  same  transmission  as  the  glass,  it 
was  possible  to  determine  the  transmission  of  the  glass.  Interpo- 
lated values  were  obtained  by  using  the  logarithms  of  the  trans- 
mission of  the  sectors  and  of  the  current  through  the  pyrometer 
lamp  instead  of  the  direct  values,  because  the  logarithms  gave 
linear  relations. 

If  the  transmission  of  a  piece  of  glass  was  measured  over  a  range 
of  wave-lengths  and  the  currents  through  the  pyrometer  lamp 
plotted  against  wave-lengths,  errors  of  measurements  or  sudden 
changes  in  the  transmission  of  the  glass  were  easily  detected.  To 
eliminate  stray  light  a  piece  of  colored  glass  was  used  at  F.  This 
was  necessary  when  working  in  the  extreme  red  or  blue  end  of  the 
spectrum.  With  this  arrangement  the  transmission  of  different 
pieces  of  glass  has  been  measured  out  to  wave-length  0.76  /i.  It 
was  found  that  if  the  collimator  and  eyepiece  slits  were  o .  3  mm, 
corresponding  to  a  range  of  0.005  M  in  the  transmitted  interval, 
the  slit-width  corrections  would  be  negligible. 

When  it  is  necessary  to  use  glass  absorbing  screens  to  reduce  the 
apparent  brightness  of  the  source  studied,  the  main  requirement  is 
to  have  a  screen  that  approximates  a  neutral  tint  sufiiciently  well 
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to  enable  comparisons  in  brightness  to  be  made  by  di£ferent  ob- 
servers with  very  approximately  the  same  results.  The  degree 
to  which  it  is  necessary  for  the  absorbing  screen  to  have  a  spectral 
transmission  independent  of  the  wave-length  depends  upon  the 
so-called  monochromatic  glass  used  in  the  eyepiece.  It  is  quite 
evident  that  if  this  eyepiece  glass  is  absolutely  monochromatic 
any  absorbing  glass  will  answer. 

In  Fig.  3  are  shown  the  spectral  transmissions  of  a  piece  of 
noviweld  (curve  C)  and  of  a  piece  of  Jena  absorbing  glass  (curve 
B) .     Either  one  of  these  glasses  is  nearly  enough  of  neutral  tint  for 
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Fig.  3. — Spectral  transmission  of  various  absorbing  glasses 
Curve  B — Jena  absorbing  glass  i  .5  mm  thick. 

Noviweld  obtained  from  Corning  Glass  Works.     Shade  about  6. 
Leeds  &  Northrup  absorbing  glass  made  of  purple  and  green  glass. 


Curve  C 
Curve  D 


use  with  the  red  glasses  whose  transmission  curves  are  shown  by 
curves  B,  C,  and  D  in  Fig.  i.  The  noviweld  absorbing  glass  and 
also  the  samples  of  Corning  high-transmission  red  glass  were  ob- 
tained from  Mr.  F.  P.  Gage,  of  the  Corning  Glass  Works.  This 
absorbing  glass  is  made  in  different  shades,  with  transmissions, 
when  used  in  connection  with  red  glass,  ranging  from  less  than 
I  per  cent  to  several  per  cent. 

If  a  red  glass  is  used  in  the  eyepiece,  by  total  transmission  for  a 
particular  temperature  is  meant  the  ratio  of  the  brightness  of  the 


SCREENS  IN  OPTICAL  PYROMETRY  241 

source  observed  through  both  the  red  glass  and  the  absorbing 
glass  to  the  brightness  of  the  same  source  observed  through  the 
red  glass  alone.  Without  a  red  glass,  using  the  entire  visible 
spectrum,  it  is  generally  very  difficult  to  make  such  measurements, 
owing  to  the  color-differences  introduced  by  even  the  best  absorbing 
glasses,  but  with  a  good  red  glass  in  the  eyepiece  measurements 
of  transmission  can  be  made  easily. 

The  transmission  of  the  absorbing  glass  when  used  with  a  red 
glass  can  be  calculated  for  any  black-body  distribution  by  the 
following  formula,  taken  from  Preston's  Theory  of  Light: 


jy>y>TRr,d\ 


^'    ^"'^-J.VXJX  ^'^ 


J  o 


X  '  X-"-  R" 


/x6?A  =  black-body  energy  for  interval  X  to  \-\-d\,  Fx  =  visibihty, 
Tr  and  Tb  =  spectral  transmissions  of  the  red  glass  and  absorbing 
glass  respectively.  It  is  very  evident  that  if  the  spectral  transmis- 
sion of  the  absorbing  glass  is  different  for  different  wave-lengths, 
the  total  transmission  will  be  a  function  of  the  temperature  of  the 
source  under  investigation. 

Experimefital  results. — First  with  two  pieces  of  Jena  red  glass 
No.  4512  (spectral  transmission  shown  by  curve  C,  Fig.  i)  and 
secondly  with  two  pieces  of  Corning  red  50  per  cent  (spectral 
transmission  shown  by  curve  B,  Fig.  i)  in  the  eyepiece  of  the 
pyrometer,  readings  were  made  on  the  apparent  brightness  of  a 
particular  source  as  observed  through  (i)  a  rotating  sector  with 
two  one-degree  openings;  (2)  the  no vi weld  absorbing  glass,  whose 
spectral  transmission  is  shown  by  curve  C,  Fig.  3,  and  (3)  two 
pieces  of  the  Jena  absorbing  glass,  whose  spectral  transmission  is 
shown  by  curve  B,  Fig.  3.  The  source  used  was  a  fifteen-mil 
tungsten  lamp  operated  at  a  color  temperature  of  2610°  K.  The 
brightnesses  were  measured  in  terms  of  the  current  through  the 
pyrometer  filament  for  an  apparent  match  of  brightness.  Four 
different  observers  made  the  measurements,  three  of  them  having 
had  considerable  experience  with  that  kind  of  work,  and  the  fourth 
(K.H.M.)  having  had  much  less  experience.  Values  thus  obtained 
are  given  in  Table  I.     The  maximum  range  with  the  two  glasses 
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occurs  for  K.H.M.  and  W.E.F.  for  the  noviweld  glass  when  the 
Jena  red  No.  4512  was  used.  This  amounted  to  about  i  per  cent 
in  brightness  and  to  less  than  five  degrees  in  temperature  at  about 
2500°  K. 

TABLE  I 

Readings  by  Different  Observers  Using  Different  Red  Glasses  and  Different 

Absorbing  Glasses 


Obser\i:r 


Red  Glass  Used 


Current  in  Amperes  through  Pyrometer  Filament, 
FOR  Apparent  Match  of  Brightness  with: 


Sector 

Noviweld  Absorb- 
ing Glass 

3358 

0 . 3804 

3361 

3807 

3361 

3803 

3358 

3805 

3380 

3784 

3380 

3785 

3380 

3783 

•3378 

3784 

Two  Jena  Absorb- 
ing Glasses 


I.A.V.  .. 
K.H.M. 
W.E.F.. 
A.G.W.  . 
I.A.V.  .. 
K.H.M. 
W.E.F.. 
A.G.W. . 


Jena  4512 

Jena  4512 

Jena  4512 

Jena  4512 

Corning  red 

Corning  red 

Corning  red 

Corning  red 


>-3547 
■3546 
■3546 
•3547 


For  the  currents  given  above,  a  change  of  o .  0005  ampere  corresponds  to  a  change 
of  about  I  per  cent  in  the  brightness  of  the  background.  This  same  change  in  current 
through  this  pyrometer  filament  corresponds  to  about  4°  K  in  temperature  at  about 
2000°  K. 

The  visibility-curves  of  the  four  observers  are  quite  different, 
as  can  be  seen  by  referring  to  a  paper  on  ''Visibility  of  Radiation" 
in  the  Astrophysical  Journal,  48,  65,  1918.  Two  of  the  observers 
(I.A.V.  and  K.H.M.)  are  quite  blue-sensitive,  one  (W.E.F.)  is 
somewhat  red-sensitive,  and  the  other  (A.G.W.)  is  very  much  red- 
sensitive.  These  values  extend  toward  the  red  end  to  wave-length 
0.66  fji.  In  this  work  the  visibility  much  beyond  this  point  must 
be  taken  into  consideration.  It  is  not  the  visibility  in  the  blue  end 
of  the  spectrum  that  is  important  but  rather  the  relative  shapes 
of  the  different  visibility-curves  in  the  red  end  of  the  spectrum.  In 
some  other  work'  it  was  shown  that,  though  there  was  a  great 
variation  in  the  values  given  by  the  individual  observers  to  the 
brightness  in  the  extreme  red,  the  relative  values  do  not  vary  so 
widely.  From  this  it  is  to  be  expected  that  different  observers 
will  get  very  closely  the  same  values  of  brightness  if  they  are  lim- 
ited to  the  extreme  red. 


'  Astrophysical  Journal,  42,  285,  1915. 
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In  Fig.  4  is  shown,  as  a  function  of  the  temperature  of  the  source, 
the  transmissions  for  red  Hght  of  the  absorbing  glasses  whose 
spectral  transmission  is  given  by  curves  B  and  C,  Fig.  3.  The 
measured  points  were  determined  by  the  author,  and  the  calculated 
values  were  obtained  by  means  of  equation  (i)  by  making  use  of  an 


<e    1-4 


8.9 


f^   O. 


0.82 


■--. 

>^x^ 

" 

— 

— 

2 

: 

+ 

~y^ 

f 

-^ 



) 

f 



B_ 

^ 

"^ 

^^ 

' 

""^ 

— 

A~ 

1500 


3000 


2000  2500 

Color  temperature  in  degrees  Kelvin 

Fig.  4. — Transmission  of   absorbing  glasses  as  a  function  of  temperature  when 
used  with  red  glass  No.  4512,  5.8  mm  thick. 
Curve  A. — Two  pieces  Jena  absorbing  glass. 
Curve  B. — One  piece  Jena  absorbing  glass. 
Curve  C. — Xoviweld  glass  from  Corning  Glass  Works. 


Curves  drawn  through  points  calculated  from  equation   Tb  = 


\:j>yj'RT'Bd>^ 


Crosses  represent  values  of  transmission  obtained  with  optical  pyrometer. 

average  visibility-curve'  for  this  spectral  region.  Values  of  trans- 
mission were  also  calculated,  using  the  observer's  visibility-curve. 
Values  thus  obtained,  using  the  two  different  visibility-curves, 
differ  from  each  other  by  only  a  small  fraction  of  i  per  cent. 

Inasmuch  as  a  question  has  been  raised^  concerning  the  accuracy 
of  the  results  thus  obtained,  a  word  might  be  said  concerning  this 
method  of  calculating  values  of  transmission.     In  using  equation 

'  Astrophysical  Journal,  48,  87,  1918. 

^  Bulletin  oj  the  Bureau  oj Standards,  12,  485,  1916. 
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(i)  in  this  work,  as  well  as  in  determining  the  effective  wave-length, 
the  integral  was  found  by  the  step-by-step  method.  Results  can 
be  obtained  that  are  as  accurate  as  desired  by  making  the  steps 
small  enough.  If  the  two-thirds  rule  is  used  very  accurate  results 
can  be  obtained  with  fewer  steps.  Transmission  values  can  thus 
be  obtained  that  are  as  accurate  as  the  data  warrant.  If  the  com- 
putation be  carried  too  far,  and  if  such  values  of  transmission  are 
used  in  determining  the  effective  wave-lengths,  the  latter  will, 
of  course,  appear  to  be  extremely  accurate,  more  so  than  the 
experimental  data  warrant. 

An  absorbing  glass  that  is  not  strictly  of  neutral  tint  is  fre- 
quently used  to  cut  down  the  apparent  brightness  of  a  source 
when  measuring  its  temperature  with  an  optical  pyrometer  having 
a  red  glass  in  the  eyepiece.  It  has  been  stated''  that  a  different 
value  of  the  effective  wave-length  of  the  red  glass  must  be  used  in 
connection  with  the  so-called  neutral-tint  glass  from  that  used 
in  connection  with  a  rotating  sector  of  the  same  transmission.  In 
what  follows  it  is  shown  that  such  is  not  the  case,  but  that  the 
same  effective  wave-length  is  to  be  used  for  both. 

Suppose  that,  using  the  same  red  glass  in  both  cases,  a  sector 
with  a  transmission  Ts  were  found  such  that  the  brightness  ob- 
served through  the  black  glass  would  equal  that  observed  through 
the  sector  (i.e.,  sector  and  glass  have  same  transmission).     Then 

Since  the  brightness  is  measured  in  terms  of  the  current  through 
the  pyrometer  filament,  this  current  will  be  the  same  in  the 
two  cases.  This  means  that  in  both  cases  the  temperature  Tj 
that  is  being  determined  must  be  calculated  from  the  same  initial 
temperature. 

The  question  to  be  considered  is  what  effective  wave-length  is  to 
be  used  in  calculating  the  temperature  of  the  source  whose  bright- 
ness is  thus  measured.  When  the  brightness  is  measured  with  the 
use  of  the  rotating  sector  the  temperature  Ti  is  calculated  from  the 
transmission  of  the  sector  and  7\.  the  temperature  corresponding  to 

'  Bulletin  of  the  Bureau  of  Standards,  ii,  483,  1916. 
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the  pyrometer  reading  when  no  sector  is  used.  For  this  calculation 
the  follo^\'ing  formula  derived  from  Wien's  equation  is  used : 

,  ,        Xe  log  Ts  f  . 

1  T2-1  T^=        °  (2) 

C2  log  e 

In  this  expression  X^  is  the  ordinary  effective  wave-length  between 
Ti  and  T^.  and  is  defined  as  the  wave-length  such  that  the  ratio  of 
the  intensities  of  radiation  for  the  temperature-interval  for  this 
wave-length  shall  equal  the  ratio  of  the  integral  luminosities  through 
the  screen  used,  or,  stated  in  the  form  of  an  equation, 

//(xro\   ^  jJ{\T;)Vj'^d\ 

When  the  brightness  is  measured  with  the  use  of  an  absorbing 
glass,  the  temperature  T2  must  be  calculated  from  the  transmission 
of  the  absorbing  glass  and  Ti,  the  temperature  corresponding  to  the 
pyrometer  current  when  no  absorbing  glass  is  used.  Inasmuch  as  we 
know  the  ratio  of  the  brightness  of  the  black  body  at  the  unknown 
temperature  T2  to  that  of  the  black  body  at  temperature  Ti, 
the  temperature  T2  is  to  be  calculated  by  an  equation  similar  to 
equation  (2),  that  is,  by 

,  ,        X'e  log  Tb  ,  . 

^/^^-^/^'  =  TU^g^'  (4) 

where  X'e  is  an  effective  wave-length.  As  Ti  and  T2  are  the  same  in 
equations  (2)  and  (4), 

Xe  log  Ts  =  \'e  log  Tb, 
whence 

Xe=  X  g. 

That  is,  since  the  transmission  of  the  absorbing  glass  given  by  equa- 
tion (i)  is  the  same  as  that  obtained  experimentally  by  comparing 
its  transmission  with  that  of  a  sector,  the  same  effective  wave- 
length of  the  red  glass  is  to  be  used  wath  both  the  absorbing  glass 
and  a  sector  having  the  same  transmission. 

Thus  to  calculate  the  extrapolated  brightness-temperature  of  a 
source  whose  brightness  is  measured  through  a  black  glass,  it  is 
necessary  to  know  the  transmission  of  the  glass  as  a  function  of  the 
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temperature  of  the  source  studied,  and  also  the  ordinary  effective 
wave-length,  defined  by  equation  (3),  for  the  red  glass  used.  In 
calculating  the  extrapolated  temperature  when  using  a  sector  disk, 
it  is  necessary  to  know  this  temperature  very  approximately  in 
order  to  find  the  eft'ective  wave-length  for  the  interval.  The  calcu- 
lation is  therefore  one  of  successive' approximations.  When  a  so- 
called  neutral-tint  glass  is  used,  additional  care  is  required,  because 
both  the  eft'ective  wave-length  and  the  transmission  depend  upon 
the  temperature  reached.  When  the  effective  wave-length  of  the 
red  glass  and  the  transmission  of  the  absorbing  glass  are  known,  the 
extrapolated  temperature  is  calculated  by  means  of  equation  (4). 

In  Fig.  5  are  shown  the  extrapolated  temperatures  that  are 
obtained  with  the  absorbing  glasses  whose  transmissions  are  shown 
in  Figs.  3  and  4.  These  values  were  obtained  from  equation  (4) 
and  the  transmissions  of  the  different  glasses  as  shown  in  Fig.  4. 
The  dotted  fine  under  each  curve  shows  what  the  resulting  tempera- 
ture would  be  if  the  transmission  of  the  glass  did  not  vary  with  the 
temperature  of  the  source  but  remained  the  same  at  high  tem- 
peratures as  was  found  for  the  lower  temperatures.  For  the  Jena 
absorbing  glass  this  change  amounted  to  only  3°  K  for  a  range 
from  1900°  K  to  2400°  K,  and  for  the  no vi weld  glass  the  change 
amounted  to  8°  K  for  a  range  from  1900°  K  to  30oo°K.  These 
two  glasses  were  the  best  ones  found  among  those  investigated. 
The  spectral  transmission  of  the  glass  obtained  from  Leeds  & 
Northrup,  given  in  Fig.  3,  curve  D,  shows  that  this  glass  would 
give  almost  the  same  results  as  a  sector.  Lack  of  time  prevented 
a  complete  test  of  this  glass. 

Only  one  absorbing  glass  was  tested  that  gave  any  trouble  due 
to  lack  of  color-match  of  the  ])yromcter-lamp  filament  at  a  tempera- 
ture of  1800°  K  and  a  background  at  3000°  K.  This  glass  had  an 
almost  uniform  spectral  transmission  of  about  one-half  of  i  per 
cent  from  0.60  ^  to  0.65  /x,  and  from  there  on  to  longer  wave- 
lengths increased  very  rapidly,  being  about  5  per  cent  at  0.68  m- 
20  per  cent  at  o.  70  /x,  and  40  per  cent  at  o.  72  ix.  Thus,  in  general, 
if  a  good  red  glass  is  used  in  the  eyepiece  of  the  pyrometer  hut  little 
trouble  is  experienced  in  obtaining  an  absorbing  glass  that  is 
satisfactory  for  extrapolation  of  the  temperature-scale. 
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Attempts  have  been  made  to  obtain  an  absorbing  glass  that  is  of 
strictly  neutral  tint,  or  even  one  that  has  such  a  transmission  as  to 
correct  for  the  change  in  effective  wave-length  of  the  red  glass  used. 
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Fig.  5. — Curves  showing  extrapolated  temperature  given  by  various  absorbing 
glasses. 

Curve  A. — Two  Jena  absorbing  glasses. 
Curve  B. — One  Jena  absorbing  glass. 
Curve  C. — Corning  noviweld — shade  about  2.4. 
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If  obtained,  this  would  probably  be  very  good,  but  it  is  not  at  all 

necessary.     What  is  wanted  is  a  glass  that  will  permit  comparisons 

of  brightnesses  to  be  made  by  different  observers  with  very  nearly 

the  same  result.     It  was  shown  above  that  if  a  good  red  glass  is 

used  absorbing  glasses  can  easily  be  found  that  are  suitable.     The 

same  thing  might  be  said  about  the  red  glasses.     Many  attempts 

have  been  made  to  obtain  absolutely  monochromatic  screens  for 

optical  pyrometry.     This  is  very  good  for  some  purposes,  but  is 

not  necessary  in  general,  and  such  glasses  have  the  disadvantage  of 

not  transmitting  enough  light  to  permit  of  accurate  comparisons  of 

brightness  at  low  temperatures.     A  good  red  glass  can  easily  be 

obtained  that  transmits  enough  light  to  permit  comparisons  of 

brightness  at  low  temperatures  and  at  the  same  time  is  sufficiently 

monochromatic  to  enable  different  observers  to  obtain  the  same 

results,  even  under  the  unfavorable  conditions  existing  when  the 

comparison  source  and  the  source  studied  are  quite  different  in 

temperature.     In  addition  to  this,  if  the  efl'ective  wave-length  of  the 

red  glass  is  known,  all  results  can,  in  general,  be  reduced  to  the 

condition  for  a  common  wave-length. 

Summary. — In  this  paper  it  has  been  shown  that  with  a  good 

red  glass  in  the  eyepiece  of  pyrometers  absorbing  glasses  can  be 

found  that  are  near  enough  to  being  of  neutral  tint  so  that  different 

observers  obtain  the  same  values  of  measured  temperature.     It 

has  also  been  shown  that  the  same  effective  wave-length  of  the 

red  glass  is  to  be  used  both  with  the  rotating  sector  and  with 

an  absorbing  glass  of  the  same  total  transmission  that  is  not  of 

neutral  tint, 

Nela  Research  Laboratory 
National  Lamp  Works  of  General  Electric  Co. 
Nela  Park,  Cleveland,  Ohio 
January  1919 


STUDIES  BASED  ON  THE  COLORS  AND  MAGNITUDES 
IN  STELLAR  CLUSTERS 

ELEVENTH  PAPER:    A  COMPARISON  OF  THE  DISTANCES  OF 
VARIOUS  CELESTE\L  OBJECTS 

By  HARLOW  SHAPLEY 

The  bearing  that  parallaxes  of  clusters  and  variable  stars  may 
have  on  the  general  structural  problems  of  the  sidereal  system  is 
well  illustrated  through  a  tabulation  and  diagrammatic  representa- 
tion of  the  distances  of  various  remote  celestial  objects.  Part  of  the 
data  compared  has  been  obtained  directly  or  indirectly  from  the 
statistical  investigations  of  Kapteyn,  Charher,  and  Dyson,  and  from 
recent  trigonometric  parallaxes,  mainly  by  van  Maanen,  but  the 
greater  part  is  from  the  observations  discussed  or  summarized  in  the 
preceding  contributions  or  from  similar  work  that  will  be  reported 
more  fully  at  another  time. 

Table  I  summarizes  the  distances  illustrated  in  Fig.  i.  On  the 
scale  of  the  diagram  objects  as  near  as  the  Hyades  or  the  brighter 
naked-eye  stars  can  be  shown  only  with  difficulty,  even  when  the 
lines  representing  distances  of  clusters  are  folded  many  times.  The 
accuracy  of  the  values  in  the  second  column  of  the  table  differs  con- 
siderably, and  for  only  a  few,  which  are  averages  for  many  objects, 
is  there  any  meaning  in  the  third  significant  figure.  For  some  of 
the  results  the  relative  certainty  is  indicated  in  the  last  column, 
but  for  most  of  them  reference  must  be  made  to  the  brief  discussion 
of  the  individual  entries  to  which  the  remainder  of  this  paper  is 
devoted.  Special  attention  may  be  called  to  Section  J,  which  con- 
tains a  discussion  of  pre-giant  stars  and  the  variables  of  the  Orion 
nebula. 

A,  I.  The  most  distant  globular  cluster. — The  four  most  distant 
clusters  now  known  are  N.G.C.  7006,  4147,  6266,  and  6316;  the 
adopted  parallaxes  in  milUonths  of  a  second  are  15,  19,  19,  and  20, 
respectively,  corresponding  in  the  mean  to  a  distance  of  55,000 
parsecs  (180,000  Hght-years).     For  N.G.C.  4147  the  adopted  value 

'  Contributions  from  the  Mount  Wilson  Solar  Observatory,  No.  156. 
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depends  upon  measures  of  both  magnitudes  and  diameter,  for  the 
others  on  diameter  alone;    but,  subsequent  to  the  preparation  of 

TABLE  I 
Comparison  of  the  Distances  of  Various  Stars,  Clusters,  and  Nebulae 


Distance 

Object 

(Unit  is  100 
parsecs) 

RemarliS 

A. 

Globular  clusters: 

I.  Most  distant  duster 

670 

N.G.C.  7006 

2.  Diameter  of  typical  system.. 

1-5 

Messier  3 

3.  Nearest  cluster 

65 

a>  Centauri 

4.  Mean  distance 

230 

69  clusters 

5.  Maximum  R  sin  /3 

500 
13 

N.G.C.  4147 

6.  Minimum  R  sin  j3 

N.G.C.  6656  (M  22) 

B. 

Distance  covered  in  a   million 

years  by  constant  velocity  of 

1 180  km/sec 

12 

C. 

Cepheid  variables: 

I.  Most  distant 

60 

Three  stars 

2.  Maximum    R  sin  /3,    periods 

less  than  a  day 

29 -3 

!Mean  of  five 

3.  Mean    R  sin  /3,    periods  less 

than  a  day 

9  63 

45  variables 

4.  Mean  R  sin  )3,  periods  greater 

than  a  day 

1.48 

94  variables 

D. 

Eclipsing  binaries: 

I.  Most  distant 

31 
7.6 

Mean  of  five 

2.  ^lean  distance 

90  variables 

E. 

Galactic  clouds  near  Messier  1 1 

50 

Four  fields 

F. 

^Messier  37 

40 

Preliminary  estimate 

G. 

Small  Magellanic  Cloud: 

Provisional  values  from  variable 

I.  Radial  distance 

190 

stars 

2.  Approximate  diameter 

15 

3.  /?  sin  /3 

130 
I .  I 

H. 

Three  galactic  novae 

Direct  measures 

I. 

Nebulae  (van  Maanen): 

Direct    measures    with    60-inch 

I.  Two  spirals 

2 

reflector 

2.  Three  planetaries 

0.7 

J- 

Orion  nebula  (Kapteyn) 

1.9  . 

Mi.  Wilso)!  Contr.  No.  147 

K. 

Hyades  (Boss,  Kapteyn) 

0.4 

L. 

Most  distant  naked-eye  star.  .  . 

10 

M. 

B-type  stars  (Charlier) : 

1 .  Most  distant 

8.5 
1.8 

Mean  of  five 

2.  Dispersion  in  galactic  plane. 

751  stars 

3.  Diameter  of  system 

10. 0 

Including  95  per  cent  of  stars 

N. 

Distance  of  sun  from  center: 

I.  Of  system  of  globular  clusters 

200 

69  clusters 

2.  Of  system  of  B-typc  stars.  .  . 

0.9 

751  stars  of  Chariier's  cluster 

0. 

Width  of  equatorial  segment. .  . 

35 

Arbitrarily  chosen;  see  note  i,p.s 

the  seventh  paper,  the  parallax  of  N.G.C.  7006  has  been  studied  by 
means  of  the  magnitudes  of  the  brightest  stars  (p.  14,  n.  i,  of 
seventh  paper),  and  for  the  present,  at  least,  its  distance  seems 
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definitely  to  be  the  greatest  known.  Further  work  on  the  colors 
and  magnitudes,  to  test  if  this  remote  system  is  actually  compa- 
rable to  the  nearer  globular  clusters,  is  described  in  the  following 
paragraphs.  Parsecs 


8000 


Globular  clusters: 

I.  Most  distant  cluster 


2.  Diameter  of  Messier  3 

3.  Nearest  cluster 

4.  Mean  distance 

5.  Maximum  distance  from  galac- 
tic plane  (Max.  /?sin^) 

6.  Minimum  i?sin^ 

B.  Distance  covered  in  a  million 
years  by  constant  velocity  of 
1 1 80  km/sec. 

C.  Cepheid  variables: 

1.  Most  distant 

2.  Max.  Rsinfi  (Per.  <  id) 

3.  Mean  Rsin^  (Per.  <  id) 

4.  Mean  RsinP  (Per.  >  id) 

D.  Eclipsing  binaries: 

1.  Most  distant 

2.  Mean  distance 

E.  Galactic  clouds  near  Messier  i  r 

F.  Messier  37 

G.  Small  Magellanic  Cloud: 

1.  Radial  distance 

2.  Approximate  diameter 

3.  Distance  from  galactic  plane 
H.  Three  galactic  novae 

I.  Nebulae  (van  Maanen): 

1.  Two  spirals 

2.  Three  planetaries 

J.  Orion  nebula  (Kapteyn) 
K.  Hyades  (Boss,  Kapteyn) 

L.  Most  distant  naked-eye  star 
M.  B-type  stars  (Charlier): 

1.  Most  distant 

2.  Dispersion  in  galactic  plane 

3.  Diameter  B-type  cluster  (in- 
cluding 95  per  cent) 

N.  Distance  of  sun  from  center: 

1.  Of  system  of  globular  clusters 

2.  Of  system  of  B-type  stars 

O.  Suggested  width  of  equatorial 
segment 
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O  13.000  26,000  39, 

Light-years 
Fig.  I. — Comparison  of  distances  in  the  galactic  system 

Since  in  N.G.C.  7006  the  stars  of  zero  absolute  magnitude  are 
probably  of  the  nineteenth  apparent  magnitude,  it  is  very  difficult 
to  extend  the  investigation  of  photo-visual  brightness  to  any  but 
the  most  luminous  red  giants.     The   extremely  small   apparent 
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diameter  also  introduces  difficulties  of  measurement  and  liability 
to  systematic  error  if  the  central  part  is  not  carefully  avoided. 
Table  II  contains  a  list  of  all  the  stars  between  o '.  3  and  i !  o  from 
the  center  that  could  be  measured  on  a  photo-visual  plate  of  45 
minutes  exposure.  Probably  not  more  than  two  or  three  non- 
cluster  stars  are  included. 

TABLE  II 
Magnitudes  of  the  Bright  Stars  in  N.G.C.  7006 


Star 


19 
20 
21 

22 
2Z 
24 
25 
26 

27 
28 
29 
30 
31 
32 

34 
35 
36 


Pg.  Mag. 


17 

06 

17 

15 

17 

13 

17 

40 

17 

93 

18 

01 

17 

80 

17 

89 

18 

01 

17 

S2, 

17 

69 

17 

31 

16 

29 

16 

99 

17 

5« 

16 

21 

17 

31 

16 

87 

17 

6i 

17 

76 

Pv.  Mag. 


[5.76 
0-64 
[6.27 
[6.42 
[6.98 
[6.79 
[6.9s 
[6.86 
[6.97 
[6.32 
[6.79 

■77 

,26 

(6.42 

[6.26 

[5-71 

■71 

•45 

16.90 

16.46 


Star 


37 
38 
39 
40 

41 
42 
44 
45 
46 
48 
49 
50 
51 
52 
SZ 
54 
55 
56 
57 


Pg.  Mag. 


17 

19 

17 

53 

16 

8S 

17 

97 

18 

01 

16 

89 

17 

89 

17 

76 

17 

93 

17 

89 

17 

83 

18 

39 

17 

49 

17 

62 

17 

76 

17 

26 

18 

21 

18 

04 

16 

99 

Pv.  Mag. 


16.27 
16.51 
15  76 
16.71 
17-37 
15  90 
16.97 
16.76 
16.60 
16.46 
16.57 
1732 
16.90 
16.51 
16.46 
16.19 
17.01 
16.77 
16.45 


The  results  are  grouped  in  Table  III  according  to  photo- visual 
magnitude  in  order  to  show,  as  far  as  the  data  go,  the  typical 
decrease  of  color  with  absolute  brightness.  Star  No.  32,  being  at 
some  distance  from  the  center  and  peculiarly  blue  for  its  magnitude, 
is  probably  not  a  member  of  the  cluster  and  has  been  excluded  from 
the  table.  Were  it  retained,  the  first  mean  magnitude  would  be 
13  .  59,  with  a  corresponding  color-index  of  + 1 .  23.  The  table  also 
contains  analogous  data'  for  Messier  3  and  13.  The  frequency  of 
stars  of  high  luminosity  is  much  the  same  in  the  three  systems; 
further,  the  mean  color-index  is  the  same  for  the  brighter  stars  and 
shows  for  all  clusters  a  similar  progressive  decrease.  Hence  this 
very  distant  faint  cluster  of  small  angular  diameter  apparently 

'  One  bright  star  in  Messier  13,  with  color-index  —0.52,  is  e.xcludcd. 
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differs  no  more  in  constituency  and  stage  of  development  from  the 
nearer  S3'stems  than  they  differ  among  themselves.  But  as  far  as 
our  present  photometric  study  is  concerned,  N.G.C.  7006  is  nearly 
two  hundred  thousand  years  younger  than  ^Messier  13 — a  significant 
phenomenon  that  will  be  considered  further  in  the  following  paper. 
The  evidence  of  Table  III  bearing  on  the  question  of  the  scat- 
tering of  light  in  space  is  of  considerable  interest.  Granting  the 
physical  similarity  of  the  three  clusters,  we  find  no  appreciable 
difference  in  color  on  account  of  the  much  greater  distance  of 


TABLE  III 
Comparison  op  N.G.C.  7006  with  Messier  3  axd  13 


■   N.G.C.  7006 

Messier  3 

Messier  13 

Mean 
Pv.  Mag. 

No.  of 
Stars 

Mean 
Color- 
Index 

Mean 
Pv.  Mag. 

No.  of 
Stars 

Mean 
Color- 
Index 

Mean 
Pv.  Mag. 

No.  of 

Stars 

Mean 
Color- 
Index 

15.56.. 
16.02. . 
16.41. . 

I6.S5-- 
16.82.. 
17.08. . 

5 
6 

7 

6 
7 

7 

+  1.37 
+  I.14 
-fi.04 
+  I.16 
+0.96 
+0.95 

12.59.. 

I  2 . 90 .  . 
13.10. . 

13.43.. 
13.70. . 

(13.90.. 

7 
5 
7 
9 
7 

+  1.30 
+  I.18 
+  I.61 
-I-I.I2 

+  0.99 
+0.96) 

12. II. . 
12.47.. 
12.72. . 
12.87. • 
1305.. 
13.14.. 

6 
7 
5 
6 
6 
6 

+  1.31 
+  I.14 

+0.94 
+0.82 
+0.92 
+0.93 

16.46. . 

38          +1.09 

1 

13.17.. 

35 

+  I.I5 

12.72. . 

36 

+  1.02 

N.G.C.  7006.  The  total  effect  of  interstellar  media  on  the  color- 
indices  of  stars  in  this  most  distant  system  apparently  does  not 
much  exceed  a  tenth  of  a  magnitude.  Therefore  the  "absorption 
coefficient,"  expressed  as  change  of  color-index  for  each  parsec  of 

distance,  is 

(/< 0.000002  mag., 

a  value  but  one- fifth  the  upper  limit  found  from  the  study  of  nearby 
globular  clusters  and  a  hundredth  the  smallest  value  derived  from 
the  parallaxes  and  colors  of  isolated  bright  stars.  We  note,  how- 
ever, that  the  galactic  latitude  of  X.G.C.  7006  is  —20°,  so  that 
only  8  per  cent  of  the  light-path  lies  within  the  equatorial  segment^ 
devoid  of  globular  clusters.     If  we  assume  that  all  the  diminution 

'  The  adopted  width  of  the  segment  is  3500  parsecs;  in  Figs.  4  and  5  of  the 
seventh  paper  the  shaded  area  representing  the  mid-galactic  segment  is  4000  parsecs 
wide,  but  includes  five  clusters.  For  ^Messier  13  one-fourth  of  the  light-path  is  within 
this  region. 
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of  light  through  scattering  (if  there  be  any  at  all)  occurs  within  this 
region  where  stellar  matter  appears  to  be  greatly  concentrated,  the 
value  of  d  is  still  sufl&ciently  small  to  be  safely  ignored  in  all  ordinary 
stellar  problems. 

The  magnitudes  of  Table  III  can  be  used  for  a  new  determina- 
tion of  the  parallaxes  of  Messier  13  arid  N.G.C.  7006.  The  parallax 
of  Messier  3,  being  one  of  the  best  determinations  for  any  globular 
cluster,  is  adopted  for  the  computation.  Assuming  that  stars  of 
the  same  absolute  magnitude  are  involved  in  the  final  means  for 
each  cluster,  we  derive  readily: 

Messier  3,         7r=(o!'oooo72) 
Messier  13,        tt=  0.000089 
N.G.C.  7006,     7r=  0.000016 

The  previously  adopted  parallaxes  of  the  last  two  clusters  are 
o'' 000090  and  o!'ooooi5,  respectively.  It  is  to  be  noted  that  the 
present  result  is  based  upon  photo-visual  magnitudes,  and  that 
the  five  brightest  stars  of  each  cluster  have  not  been  excluded.  The 
almost  exact  agreement  with  the  former  values  merely  shows  that 
the  similarity  in  the  amount  and  frequency  of  color  among  the 
giant  stars  in  clusters  makes  photo-visual  as  well  as  photographic 
magnitude  a  fairly  definite  criterion  of  distance. 

A,  2.  The  diameter  of  Messier  j. — In  the  seventh  paper  of  this 
series  appears  a  discussion  of  the  size  of  globular  clusters.  The 
occurrence  of  cluster  stars  far  beyond  the  limits  shown  by  the  usual 
photograph  has  been  inferred  by  Bailey  and  others  from  the  dis- 
tribution of  cluster-type  variables.  We  have  recently  found,  how- 
ever, that  among  galactic  stars  the  variables  of  this  type  are  peculiar 
in  their  occasionally  great  distance  from  the  galactic  plane,  and  for 
the  live  so  far  investigated  the  radial  velocity  is  abnormally  high. 
Is  it  possible  that  high  velocity  or  some  other  cause  has  also  scat- 
tered the  short-period  variables  of  clusters  beyond  the  domain 
occupied  by  other  cluster  stars?  To  answer  this  question  long- 
exposure  photographs  of  the  brighter  systems  are  being  made,  with 
the  clusters  15'  or  20'  out  of  center.  IMic  counts  so  far  available 
show  many  faint  clu.ster  stars  as  far  from  the  center  as  any  of  the 
variables.     The   angular   diameter   of   Messier    15,    for    instance, 
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appears  to  be  not  less  than  35',  corresponding  to  a  linear  diameter 
of  150  parsecs.  These  counts  indicate,  first,  that  the  stars  of  the 
outer  parts  of  clusters  may  be  systematically  fainter,  smaller,  and 
less  massive  than  those  close  to  or  at  moderate  distances  from  the 
center;  secondly,  that  the  space  outside  the  equatorial  galactic 
region  may  be  occupied  not  only  by  occasional  cluster-type  varia- 
bles but  also  by  other  isolated  stellar  bodies  that  possibly  are 
relatively  faint;  for  the  time  being,  however,  both  suggestions 
must  be  regarded  as  tentative. 

A,  3.  The  nearest  globular  cluster. — The  parallax  of  co  Centauri 
(■^■=0'' 00015)  is  uncertain  because  of  the  provisional  nature  of  the 
magnitudes  of  the  variables  and  bright  stars.  The  adopted  parallax 
of  47  Tucanae  (N.G.C.  104)  is  nearly  as  large,  but  it  is  also  lacking 
in  precision,  being  derived  from  an  uncertain  part  of  the  parallax- 
diameter  curve. ^  The  distances  of  both  clusters  can  be  very  accu- 
rately determined  when  the  variables  have  been  further  studied, 
but  for  the  present  an  uncertainty  of  some  30  per  cent  may  affect 
the  adopted  values.  In  general  the  largest  as  well  as  the  very 
smallest  cluster  parallaxes  are  of  relatively  low  accuracy,  depending 
completely  or  in  part  upon  the  extremities  of  the  curve  relating 
parallax  to  diameter. 

A,  5.  Maximum-  distance  from  the  plane  of  the  Galaxy. — Five 
globular  clusters  are  more  than  20,000  parsecs  from  the  galactic 
plane,  but  the  small  faint  cluster  N.G.C.  4147  in  galactic  latitude 
+  78°  is  nearly  twice  as  remote  from  the  dense  stellar  regions  as  the 
next  most  distant  system.  Its  pecuhar  position  in  space  suggests 
the  possibility  of  peculiarity  in  structure  and  content — perhaps  in 
this  case  the  methods  of  determining  distance  may  not  be  strictly 
appHcable.  The  adopted  parallax  appears  to  be  of  the  right  order, 
however,  as  the  survey  of  the  colors  of  the  brightest  objects  in  the 
cluster  (Table  IV)  indicates  that  we  are  dealing  with  typical  giants; 
but  a  deficiency  in  the  number  of  giant  stars  is  indicated  by  this 
table,  and  long  exposures  on  fast  plates  suggest  a  deficiency  of  faint 
stars  as  well.  Further,  Table  II  of  the  seventh  paper  contains  evi- 
dence that  the  angular  diameter  is  somewhat  small  for  the  magni- 
tude of  the  bright  stars. 

'  Mt.  Wilson  Contr.  No.  152,  Fig.  i. 
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This  discrepancy  between  the  values  of  the  parallax  of  N.G.C. 
4147  as  based  on  the  provisional  magnitudes  and  on  the  estimates 
of  diameter  was  considered  unimportant  until  a  verification  of  the 
earlier  value  of  the  mean  magnitude  was  obtained  through  a  recent 
study  of  additional  plates.  It  now  appears  that  the  adopted  paral- 
lax may  be  a  few  millionths  of  a  second  too  small,  and  the  distances 
given  in  the  diagram  and  in  Table  I  of  this  paper  may  be  somewhat 
too  large.  Because  of  its  high  galactic  latitude,  howev^er,  the 
cluster  will  probably  remain  the  most  isolated  of  known  systems, 
even  when  further  work  on  the  colors  permits  a  definite  revision 
of  the  parallax. 

TABLE  IV 
Colors  and  Magnitudes  of  Giant  Stars  in  X.G.C.  4147 


Star 

Pv.  Mag. 

Color-Index 

Star 

Pv.  Mag. 

Color-Index 

I                   .  . 

14.,  66 

+0.99 
+0.71 
+0.76 
+0.08 
+  1.08 
+0.69 
+0.52 
+0.76 

18 

15-74 
13-59 
15-92 
15-33 
15-95 
15-81 
15-74 

-j-o.  i:! 

2 

IS 
15 
15 
14 
IS 
IS 
IS 

31 
62 

89 

74 
92 
76 
53 

22 

+  1 
+0 
+0 
+0 
+0 
+0 

83 
41 
97 
70 
42 

3--- 

5 

6 

II 

23 

24 

29 

30 

35 

13 

17 

73 

B.  Distance  traversed  in  a  million  years  by  maximum  velocity. — 
The  highest  speed  of  translation  so  far  recorded  for  any  celestial 
object  is  1180  km/sec. — the  mean  radial  velocity  of  the  spiral 
nebula  N.G.C.  4594.'  The  corresponding  entry  in  Fig.  i  permits 
an  easy  consideration  of  the  possible  past  and  future  relationship 
of  the  various  sidereal  bodies.  The  greatest  radial  velocity 
recorded  for  a  globular  cluster  is  about  one-third  of  the  foregoing 
value  and  for  isolated  stars  about  one-half.^  For  discussions  of 
this  nature  it  is  convenient  that  a  velocity  of  a  kilometer  a  second 
is  very  nearly  equivalent  to  a  velocity  of  a  parsec  in  a  million 
years.^ 

C.  Cepheid  variables. — The  data  for  Cepheid  variables  of  the 
galactic  system  are  from  Tables  I  and  I  a  of  the  eighth  paper  of  this 

'  Pease,  Ml.  Wilson  Communication,  No.  32;  Proc.  Nat.  Acad.  Sci.,  3,  517,  1916. 
'  Sec  Tabic  I  of  the  following  paper.  J  More  exactly  it  is  i  .02  parsecs. 
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series.  The  three  most  distant  are  X'X  Cygni,  RU  Bootis,  and 
SW  HercuHs,  the  last  two  being  cluster-type  variables.  The  differ- 
ence in  the  dispersion  with  respect  to  the  galactic  plane  is  well 
illustrated  by  C,  3  and  C,  4  for  Cepheids  of  short  and  long  period, 
respectively. 

The  maximum  R  sin  /3  for  Cepheids  with  periods  less  than  a  day 
is  the  mean  of  the  values  for  RU  Bootis,  SW  HercuKs,  169.1907 
Leonis,  RR  and  RU  Canum  Venaticorum;  it  is  much  greater  than 
the  adopted  semi-width  of  the  equatorial  segment  that  is  devoid 
of  globular  clusters.  The  corresponding  value  of  maximum  R  sin  (3 
for  periods  greater  than  a  day  (excluding  Z  Canum  Venaticorum) 
is  6.70. 

D.  Eclipsing  variables. — ^With  a  few  revisions  based  upon  later 
orbital  computations,  the  data  for  echpsing  binaries  are  taken  from 
a  paper  by  Russell  and  Shapley.^  The  five  most  distant  variables 
are  W  Crucis,  SS  Carinae,  UZ  Cygni,  RV  Persei,.and  VV  Cygni. 
The  quantity  designated  as  the  average  distance  in  the  diagram  in 
the  Publications  of  the  Astronomical  Society  of  the  Pacific  for  Febru- 
ary, 19 18,  is  the  distance  corresponding  to  the  mean  parallax — 
a  quantity  that,  because  of  the  wide  range  of  values,  is  less  than 
half  the  mean  distance  now  computed.^ 

The  parallaxes  of  echpsing  binaries,  even  of  those  with  well- 
determined  light-curves  and  spectra,  are  somewhat  less  accurately 
known  than  the  parallaxes  of  average  Cepheid  variables.  They 
depend  upon  the  apparent  magnitude,  mass,  surface-brightness,  and 
radius  of  the  brighter  component  of  the  echpsing  pairs,  and  in  the 
evaluation  of  some  of  these  quantities  approximations  are  necessary. 
For  the  most  favorable  cases,  however,  the  estimated  error  in  the 
h}pothetical  parallaxes  is  not  in  excess  of  25  per  cent,  and  is  essen- 
tially independent  of  the  distance. 

Direct  measures  of  the  parallax  of  several  echpsing  stars,  while 
yielding  results  of  the  same  order  of  magnitude  as  the  probable 
errors,  serve  to  confirm  the  hypothetical  values.  Nearly  all  of  the 
direct  determinations  have  been  made  by  various  observers  at  the 

^  Aslrophysical  Journal,  40,  417,  1914. 

*  In  addition  to  the  inclusion  of  more  objects,  the  present  diagram  differs  from 
the  earlier  one  in  several  minor  details. 
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Yerkes   Observatory;^    a   summary   of   their   results  is  given  in 
Table  V. 

On  the  average  the  hypothetical  parallaxes  differ  from  the 
trigonometric  values  (corrected  for  comparison-star  parallax  by 
means  of  the  Greenwich  table)^  by  less  than  the  probable  error  of 
the  direct  measures;  systematically  they  are  o!'oo2  larger  than  the 
trigonometric  results.  The  mean  trigonometric  parallax  of  /3  Persei, 
using  all  sources,  is  +o''o34='=o''oii.  For  /3  Aurigae,  an  echpsing 
binary  not  on  the  Yerkes  Hst,  the  mean  value  of  the  parallax  by 

TABLE  V 

Comparison  of  Hypothetical  and  TRiooNOiiETRic   Parall.axes  of  Eclipsing 

Binaries  (Yerkes  Results) 


Star 

Measured  by       p^^i^TlS 

Probable 
Error 

Hypothetical 
Parallax 

Difference 

/3  Persei 

W  Ursae  Majoris 
U  Ophiuchi .... 

Z  Herculis 

RX  Herculis .  .  . 
Y  Cygni 

Lee 

Lee 

Joy 

Van  Biesbroeck 

Van  Biesbroeck 

Mitchell 

+0^025 
+0.011 
—0.008 
+0.031 
—0.006 
+0.004 

±oroi4 

±0.010 

±0.004 

±0.009* 

±0.016 

±0.010 

+0^026 
+0.020 
+0.006 
+0.009 
+0.006 
+0.004 

— oTooi 

—  0.009 

—  0.014 
+0.022 

—  0.012 
0.000 

^lean 

1 

±0.0105 

±0.0097 

1 

♦The  probable  error  is  given  as  =toToio  in  the  collected  results,  p.  57,  of  Yerkes  Publications.  4, 
Parti. 

three  observers  is  +o!'o34=t=o!'oi5;  the  hypothetical  value  is 
+©''030,  and  if  the  star  is  a  member  of  the  Ursa  Major  group  its 
parallax  is  -\-o'fo2^.^  By  entering  these  two  mean  values  in  Table 
V  the  small  systematic  difference  disappears.'' 

As  a  class  the  eclipsing  variables  are  too  remote  for  direct 
measures  of  parallax,  but  the  foregoing  comparison  for  the  nearer 
ones  shows  that  the  method  based  upon  orbital  data  is  adequate 
to  locate  them  hi  space  with  considerable  certainty. 

'  Publications  of  the  Yerkes  Observatory,  4,  Part  I,  191 7. 

'  Dyson  and  Thackeray,  Monlldy  Notices,  77,  14,  1916.  The  Greenwich  values 
should  ail  be  decreased  by  10  per  cent  if  instead  of  10  5  km/sec.  we  adopt  for  the 
velocity  of  the  sun  the  value  given  in  Sec.  2  of  the  si.xth  paper.  The  correction  is 
unimportant  in  the  present  case. 

'  Erroneously  printed  as  +oroio  in  Aslrophysical  Journal,  40,  425,  1014. 

*  Note  added  to  proof.  An  overlooked  paralla.x  of  u  Herculis  by  Miller:  Trig,  t 
(abs.)  = —0*026,  hyp.  ir  = +0^005. 
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E.  Galactic  clouds. — The  study  of  the  colors  of  stars  near 
Messier  11  indicates  the  great  extent  of  the  galactic  clouds  in  the 
line  of  sight;'  the  maximum  distance  so  far  estimated  depends  only 
on  the  limit  of  magnitude  attainable  on  the  photo-visual  plates. 
Photographs  of  the  field  of  Messier  11  are  now  available  for  the 
extension  of  this  work  to  the  fainter  and  more  remote  stars.  It 
appears  very  probable,  from  the  preliminar}*  results,  that  isolated 
stars  as  distant  as  30,000  parsecs  may  be  found  near  the  galactic 
plane  in  these  southern  star  clouds. 

F.  Messier  jj  (X.G.C.  2ogg). — This  northern  object,  one  of  the 
richest  of  the  bright  open  clusters,  is  situated  near  the  galactic 
plane,  almost  diametrically  opposite  the  point  of  concentration  of 
globular  clusters.  A  catalogue,  now  in  manuscript,  of  the  magni- 
tudes and  colors  of  several  hundred  of  its  stars  will  be  published 
later  as  a  paper  of  this  series. 

G.  Magellanic  clouds. — The  adopted  parallax  of  the  Small 
^Magellanic  Cloud  is  that  given  in  Table  I  of  the  seventh  paper — 
a  value  undoubtedly  of  the  right  order  but  one  which  will  be  replaced 
by  a  value  of  much  greater  weight  when  the  magnitudes  of  the 
variables  have  been  referred  to  a  standard  system.  The  adopted 
mean  angular  diameter  is  4? 5.  representing  the  region  throughout 
which  the  variable  stars  belonging  to  the  cloud  are  distributed. 
We  infer  from  the  similarity  of  the  provisional  magnitudes  of  the 
variables  that  the  distance  of  the  two  ^Magellanic  Clouds  is  of 
the  same  order,  but  the  Larger  Cloud  covers  more  than  double  the 
area. 

H.  Galactic  novae. — The  three  objects  for  which  directly  deter- 
mined parallaxes  are  available  are  Xova  Persei  Xo.  2,  Nova 
Lacertae,  and  Xova  Geminorum  Xo.  2.  The  derivation  of  the 
adopted  mean  value  of  +o!'oo9  will  be  discusse(^by  van  Maanen 
in  a  forthcoming  contribution. 

I.  Spiral  and  planetary  nebulae. — The  direct  measurement  of  the 
parallaxes  of  nebulae  will  be  considered  by  van  ]Maanen  in  the  same 
paper.  He  attaches  little  weight  to  the  measured  results  for  the 
spirals  because  of  the  non-stellar  character  of  the  central  nuclei. 
One  of  the  spirals  is  the  Great  Andromeda  X'ebula  (X.G.C.  224); 

'  The  fifth  paper  of  this  series,  Mt.  Wilson  Conlr.  Xo.  133,  191 7. 
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the  other  is  Messier  51  (N.G.C.  5194).  The  planetaries  are  N.G.C. 
2392,  6720,  and  7662.  The  adopted  parallax  of  N.G.C.  6720,  the 
ring  nebula  in  Lyra,  is  the  mean  of  the  values  by  van  Maanen  and 
by  Newkirk. 

J.  The  Orion  nebula. — On  the  basis  of  his  exhaustive  study  of 
the  motions  of  the  B-t>pe  stars,  Kapteyn  adopts  as  the  parallax  of 
the  "nebula-group"  in  Orion: 

7r  =  o''oo54±o''ooo9. 

That  the  same  parallax  is  the  best  available  for  the  nebula  itself 
can  hardly  be  doubted. 

It  does  not  seem  to  have  been  pointed  out  that  if  the  numerous 
variables  of  the  Orion  nebula  are  a  part  of  the  nebula-group  we  have 
in  them  a  remarkably  large  assemblage  of  stars  of  low  luminosity. 
Of  more  than  100  stars  within  two  or  three  degrees  of  the  trape- 
zium that  are  supposed  to  be  definitely  variable,  nearly  all  are 
fainter  than  the  fourteenth  photographic  magnitude  at  maximum, 
and  many  never  become  brighter  than  the  fifteenth  magnitude. 
With  a  parallax  of  ©"005  the  average  absolute  brightness  at 
maximum  is  only  about  a  tenth  that  of  the  sun,  and  at 
minimum  less  than  a  twentieth.  Apparently  they  are  dwarfs, 
while  all  other  variable  stars — Cepheids,  eclipsing  binaries,  long- 
period  variables  (at  maximum) — are  typically  objects  of  high 
luminosity. 

The  possibility  that  in  the  faint  variable  stars  of  Orion,  which 
appear  to  be  intimately  associated  with  diffuse  nebulosity,  we  have 
examples  of  stars  in  the  pre-giant  stage  of  stellar  evolution,  led  to 
the  initiation,  nearly  four  years  ago.  of  systematic  observations  of 
their  magnitudes  and  colors.  Such  variables  might  be  of  consider- 
able importance,  Jor  if  Russell's  theory  of  the  evolutionary  sequence 
of  spectral  types  be  accepted  and  we  desire  to  tind  a  record  of  the 
parentage  and  earliest  development  of  the  relatively  young,  highly 
luminous,  low-temperature  and  low-density  red  giant  stars,  it  seems 
obvious  that  we  should  look  for  (i)  objects  varying  in  light  secularly 
or  irregularly  rather  than  with  definite  period  and  amplitude; 
(2)  objects  closely  associated  with  the  matter  from  which  typical 
stars  originate — nebulosity,  we  usually  say,  that  is  formless  or  in 
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a  quite  chaotic  state;  (3)  objects  of  faint  absolute  magnitude  and 
low-surface  temperature,  therefore  very  red  and  possibly  '^ith  strik- 
ing peculiarities  of  spectrum.  At  least  some  of  these  properties  are 
naturally  thought  of  as  attributes  of  the  pre-giant  stage;  and  the 
Orion  variables  appear  upon  first  examination  to  be  promising 
subjects  for  inquiry. 

If,  however,  we  cannot  find  satisfactory  evidence  of  pre-giants 
among  such  stars  as  the  Orion  variables,  the  t\-pical  long-period 
variables,  or  the  occasional  irregular  variables  that  are  associated 
with  variable  nebulosity,  there  remain  at  least  three  ways  (before 
we  need  abandon  Russell's  theory)  in  which  we  may  attempt  to 
account  for  the  absence  from  our  present  records'  of  recognized 
visible  forerunners  of  the  low-density  red  giants.  We  may  suppose 
(1)  that  the  normal  transformation  of  an  invisible  nebular  mass  to  a 
highly  luminous  star  is  infrequent  as  compared  with  the  rapidity  of 
the  change;  astronomical  histor}'-  is  so  brief,  on  that  hypothesis, 
that  it  contains  as  yet  no  definite  record  of  a  secularly  brightening 
red  star  or  of  the  occurrence  of  a  red  nova  that  maintains  its  maxi- 
mum; or  (2)  that  the  phenomenon  of  rising  luminosity,  and  hence 
of  the  birth  of  a  typical  giant  star,  no  longer  occurs,  signifying  that 
the  stellar  material  is  essentially  exhausted  in  the  sidereal  universe 
we  know;  or  (3)  that  the  part  of  space  where  the  phenomenon  now 
occurs  is  remote  from  the  region  we  ordinarily  observe.  Or  stated 
more  briefly  we  may  suppose  that  the  (i)  frequency,  (2)  epoch,  or 
(3)  place  of  star-birth  makes  difficult  or  impossible  our  observation 
of  the  pre-giant  stages. 

The  photographic  observation  of  the  magnitudes  of  the  variables 
in  Orion  is  very  difficult  because  of  the  irregularity  of  the  nebulosity 
and  the  uncertainties  associated  with  the  photographic  study  at 
Mount  Wilson  of  southern  objects  in  the  winter  season.  Whether 
definite  periodicity  obtains  for  any  of  the  variables  has  not  yet 
been  determined.  Some  of  the  stars  previously  suspected  of  vari- 
ability may  owe  their  apparent  variations  entirely  to  photographic 
phenomena ;  others  at  one  time  definitely  variable  now  appear  con- 
stant.    The  results  so  far  derived  for  thirty  variable  stars  near  the 

'  The  records  of  some  globular  clusters,  and  probably  of  the  solar  neighborhood 
as  well,  are  sufnciently  complete  to  show  that  such  antecedents  are  not  present  as 
normal  stars. 
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trapezium  are  mainly  negative:  (i)  the  variables  do  not  belong  to 
the  cluster-type;  (2)  they  are  not  blue  (apparently  they  are  mainly 
red,  but  the  nebulosity  introduces  systematic  error  of  undetermined 
amount  into  measures  of  color);  (3)  they  do  not  appear  to  show 
regularity,  or  great  range,  or  close  similarity  to  each  other  in  color 
or  range;  (4)  they  are,  of  course,  not  undergoing  a  secular  increase 
of  brightness  apparent  within  this  short  interval  of  time;  (5)  the 
variables  as  well  as  other  faint  stars  are  concentrated  in  the  central 
part  of  the  nebula;  (6)  in  the  dense  nebulosity  the  light  of  very 
few  faint  stars  appears  to  be  actually  constant — perhaps  a  spurious 
photographic  effect. 

It  seems  impossible  to  say  definitely  as  yet  whether  the  variables 
are  really  associated  with  the  nebula-group  of  bright  stars  and 
undergo  intrinsic  variations  of  light  or  are  for  the  most  part  at  a 
greater  distance  than  the  Orion  stars  and  owe  their  variations  to 
occupations  by  nebular  matter.  Most  of  the  evidence,  however, 
supports  the  view  that  the  variables  are  typical  dwarf  stars  within 
the  nebula',  deriving  their  irregular  light-variations  from  contact 
with  the  irregular  nebulosity,  which  recent  spectroscopic  work  has 
shown  to  be  moving  differentially.  Some  strong  points  favoring 
this  view  may  be  inferred  from  the  preceding  paragraph,  and 
together  with  some  possible  objections  they  will  be  more  fully  dis- 
cussed when  a  detailed  report  is  made  on  the  magnitudes  and  colors. 
The  similar,  commonly-accepted  hypothesis  of  nebular  friction 
seems  to  account  satisfactorily  for  the  novae,  where  a  much  greater 
range  of  variation  is  involved. 

L.  The  most  distant  naked-eye  star. — The  adopted  lower  limit  of 
the  parallax,  7r  =  0^001,  of  a  hypothetical  most  distant  naked-eye 
star  depends  upon  the  fairly  safe  assumption  that  the  difference 
between  apparent  and  absolute  brightness,  ni  —  M,  does  not  exceed 
ten  magnitudes;  that  is,  we  assume  that  no  first-magnitude  star 
is  brighter  absolutely  than  —9,  that  no  fifth-magnitude  star  is 
brighter  ab.solutely  than  —5.  The  study  of  the  giants  in  clusters, 
Kapteyn's  work  on  B-type  stars,  and  the  results  of  direct  measures 
of  parallax  support  this  assumption.     The  most  relevant  contribu- 

'  Recent  studies  of  proper  motion  hy  van  Maancn  also  strongly  support  this 
interpretation. 
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tion  to  this  question,  however,  is  the  very  important  statistical  dis- 
cussion by  Dyson  of  the  proper  motions  of  one-sixteenth  of  all  the 
stars  brighter  than  the  ninth  magnitude.^  He  finds  that  brighter 
than  the  sixth  magnitude  there  are  in  the  whole  sky  only  15X16  = 
240  stars  more  distant  than  200  parsecs.  The  extreme  limit^  of 
260  parsecs,  to  which  naked-eye  stars  extend  according  to  Dyson's 
formula,  is  only  one-fourth  of  the  hmit  assumed  for  the  present 
illustration.  We  may  note,  however,  that  if  a  naked-eye  Cepheid 
variable  fainter  than  the  fifth  apparent  magnitude  should  be  found 
with  period  in  excess  of  32  days,  its  parallax  would  be  somewhat 
smaller  than  the  lower  limit  adopted  above. 

j\I.  Charlier's  ''Galaxy  of  B  Stars''. — A  discussion  of  the  distribu- 
tion in  space  of  all  B-type  stars  in  the  Harvard  catalogues  has  been 
made  by  Charlier,^  who  finds  that  they  form  a  large  cluster,  the 
center  of  which  is  nearly  100  parsecs  distant  from  the  sun.  As 
practically  all  the  stars  of  all  spectral  types  for  which  we  know  the 
position  in  space  are  within  the  bounds  of  this  B-type  cluster,  it  is 
chosen,  in  this  comparison  with  the  system  of  globular  clusters,  to 
represent  the  stellar  system  as  ordinarily  conceived. 

N.  The  eccentric  position  of  the  solar  system. — In  the  seventh 
paper  it  has  been  noted  that  the  adopted  distance  to  the  center  of 
the  system  of  globular  clusters  is  tentative,  but  probably  of  the 
correct  order  of  magnitude. 

Confirming  Charlier's  determination,  either  of  the  general  direc- 
tion or  of  the  amount  of  the  sun's  displacement  from  the  center  of 
the  local  aggregation  of  stars,  we  have  the  results  of  Russell  and 
Shapley  on  echpsing  binaries  and  Cepheids,  of  Walkey  on  30,000 
stars  of  the  Harvard  catalogues,  and  of  Stromberg  on  second-type 
stars  of  known  parallax  and  radial  velocity. 

SUMMARY 

This  paper  contains  a  tabular  and  diagrammatic  comparison  of 
various  sidereal  distances.  In  addition  to  the  material  already 
available    from   the   study   of   clusters   and   variables   and   from 

^Monthly  Notices,  Tj,  212,  1917. 

^  Dyson  notes  that  the  limit  is  too  small;  ihid.,  p.  217. 

^  Meddelanden  frdn  Lands  Astronomiska  Ob  senator  ium,  Series  2,  No.  14,  1916. 
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the  results  of  other  investigators,  a  considerable  amount  of  new 
observational  and  computational  work  has  been  necessary  for  the 
discussion.  The  following  statement  summarizes  the  more  impor- 
tant results,  some  of  which  are  not  specifically  discussed  in  the 
text  of  the  paper. 

1.  The  most  distant  globular  cluster  now  known,  X.G.C.  7006, 
appears  to  differ  from  much  nearer  systems  only  in  the  matter  of 
distance.  In  general  appearance  and  in  the  relation  of  size  to 
brightness  it  conforms  with  typical  globular  clusters;  and  in  phe- 
nomena of  color  and  the  frequency  of  red  giant  stars  it  is  very 
similar  to  ^Messier  3  and  13  (Table  III). 

2.  The  similarity  in  the  frequency  of  colors  for  near  and  distant 
clusters  shows  that  the  selective  scattering  of  light  in  space,  if 
acting  uniformly,  affects  the  color-indices  of  stars  by  less  than  two- 
milhonths  of  a  magnitude  for  each  parsec  of  distance.  With  any 
reasonable  assumption  as  to  the  dependence  of  light-scattering 
on  stellar  concentration,  interstellar  media  appear  unimportant 
in  their  effect  on  the  colors  of  stars  brighter  than  the  fifteenth 
magnitude. 

3.  The  parallax  of  X.G.C.  7006  is  o!'ooooi5  on  the  basis  of 
diameter  measures,  ©''000014  according  to  measures  of  photo- 
graphic magnitude,  and  orooooi6  if  the  mean  absolute  photo- visual 
magnitude  of  its  brightest  stars  be  assumed  equivalent  to  the  cor- 
responding means  for  Messier  3  and  13. 

4.  Counts  of  stars  on  photographs  of  the  edges  of  globular  clus- 
ters show  that  faint  stars  as  well  as  the  typical  variables  are  widely 
dispersed.  Probably  the  diameter  of  every  typical  globular  cluster 
exceeds  twenty  milhon  astronomical  units. 

5.  As  far  from  the  center  as  15',  corresponding  to  a  linear  dis- 
tance of  about  65  parsecs,  the  elongation  of  Messier  15  is  found  to 
be  in  general  agreement  with  the  results  for  the  central  regions, 
both  as  to  direction  and  amount. 

6.  The  cluster  N.G.C.  4147,  which,  of  all  known,  is  by  far  the 
most  distant  from  the  galactic  plane,  may  differ  considerably  from 
typical  globular  systems  in  frequency  of  giant  stars  and  perhaps  in 
linear  extent.     A  revision  of  the  photographic  magnitudes  in  this 
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cluster  alters  the  previously  adopted  mean  of  the  "25  brightest" 
stars  by  only  five-hundredths  of  a  magnitude. 

7.  A  comparison  of  the  direct  and  hypothetical  parallaxes  of 
seven  eclipsing  binaries  shows  an  average  difference  of  ^oToi ;  the 
systematic  difference  is  inappreciable. 

8.  Most  if  not  all  of  the  variable  stars  in  the  Orion  nebula  appear 
to  be  irregular  in  period  and  range;  the  color-indices  of  thirty 
situated  in  the  denser  nebulosity  are  large  and  positive.  That  the 
variables  are  actually  associated  with  the  nebula  and  therefore  of 
faint  absolute  magnitude  is  not  yet  definitely  proved. 

Mount  Wilson  Solar  Observatory 
January  19 18 


ON  THE  GENERAL  AURORAL  ILLUMINATION  OF  THE 

SKY  AND  THE  WAVE-LENGTH  OF  THE 

CHIEF  AURORA  LINE 

By  V.  M.  SLIPHER 

Nature  presents  no  sight  so  beautiful  and  wonderful  as  a  bril- 
liant display  of  the  aurora.  Records  show  that  the  aurora  borealis 
has  been  observed  since  ancient  times,  and  yet  today  it  is  not 
without  mystery  for  many  and  is-  scientifically  the  least  understood 
optical  phenomenon  of  the  earth.  Quite  naturally  the  spectrum 
of  the  aurora  was  studied  by  a  wide  circle  of  investigators,  follow- 
ing the  appHcation  of  the  spectroscope  to  astronomy.  A  bibliog- 
raphy of  this  spectroscopic  work'  alone  would  include  upward  of 
a  hundred  references  and  such  names,  well-known  to  astronomical 
literature,  as  Angstrom,  Young,  Struve,  Zollner,  Smyth,  Vogel, 
Cornu,  Holden,  Tacchini,  Secchi,  Rowland,  Copeland,  Lockyer, 
Gyllenskiold,  Huggins,  Schuster,  Pickering,  Campbell,  etc. 

These  early  observations,  made  visually  of  course,  revealed  an 
interesting  spectrum  and  established  its  general  features.  The 
observations  could  not  be  conducted  deliberately  with  specially 
adjusted-  instruments  and  methods,  on  account  of  the  character 
of  the  phenomena.  Besides,  the  limited  sensitiveness  of  the  human 
eye  left  unexplored  the  more  refrangible  parts  of  the  spectrum, 
and  hence  the  complete  investigation  of  the  aurora  spectrum 
depends  upon  the  photographic  method. 

Professor  Stormer's^  very  extensive  observational  and  theoretical 
investigations  into  the  nature  of  the  aurora,  and  the  late  Professor 

'  See  Kayser,  Handbitch  dcr  Spectroscopic,  5,  47;  and  Frost-Schciner,  Aslronomical 
Spectroscopy,  p.  326. 

'"Trajectories  of  Electric  Corpuscles  .Applied  to  the  .\urora  Borealis  and  to 
Magnetic  Disturbance,"  Archiv  for  Matlwrnatik  og  Xaiiirvidciiskah,  28,  No.  2,  1906; 
see  also  Archives  des  Sciences  physiques  ct  natureUes  (Gentive),  24,  5,  113,  221, 
317,  1907,  and  32,  1911-12;  and  "Bcricht  iiber  eine  E.xpedition  nach  Bossekop  zwecks 
photographischcr  .Vufnamen  und  Hohenmessungen  von  Nordlichtern,"  Videnskabs- 
Sclskabcts  Skriftcr,  I,  Math.-Xaturv.  Klasse,  191 1,  No.  17,  etc. 
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Birkeland's^  vast  work  on  polar  magnetic  storms  and  the  related 
aurora,  have  added  enormously  to  what  we  know  in  this  field.  Yet 
during  this  period  our  knowledge  of  the  spectrum  of  the  aurora  has 
not  been  advanced  proportionally,  as  it  has  hardly  received  its 
proper  share  of  attention. 

During  the  last  few  years  I  have  done  a  little  in  the  way  of 
spectrographic  observations  which  I  shall  give  in  this  paper. 
These  observations  bear  upon  (i)  the  persistency  of  general  auroral 
illumination  of  the  sky,  which  is  in  continuation  of  the  work  briefly 
presented  in  Lowell  Observatory  Bulletin,  No.  76,  and  (2)  the  wave- 
length of  the  chief  aurora  line  in  the  yellow-green  of  the  spectrum. 
A  thorough  investigation  of  the  spectrum  of  the  aurora  can  be 
done  under  conditions  so  much  more  advantageous  at  some  northern 
station  where  brilhant  displays  of  the  aurora  are  frequent  that 
undertaking  it  here  is  not  considered. 

Early  in  June,  191 5, 1  recognized  a  faint  line  in  the  yellow  region. 
This  was  on  a  negative  which  I  had  made,  with  an  exposure  of 
several  nights,  for  the  spectrum  of  the  Milky  Way,  although  the 
Seed  30  plate  employed  possessed  only  the  ordinary  emulsion, 
which  is  but  slightly  sensitive  to  the  yellow  of  the  spectrum. 
Hence  the  line  in  question  must  have  been  of  pretty  high  equivalent 
brightness  to  have  been  recorded  by  the  plate.  I  then  undertook 
another  spectrogram  of  the  Milky  Way,  using  a  Cramer  Isochro- 
matic  plate,  the  sensitiveness  of  which  should  easily  record  the 
line  in  question,  suspected  of  being  the  aurora  line,  if  of  anything 
like  the  brightness  indicated  on  the  previous  plate.  However,  this 
plate  failed  of  its  purpose  in  a  singular  manner.  Its  exposure,  only 
partially  completed,  was  continuing  on  the  night  of  June  16,  when 
there  appeared  that  exceptional  auroral  display  which  was  brilliant 
even  at  this  low  latitude  (35°! 2'),  and  was  the  first  aurora  observed 
here  in  the  history  of  the  Observatory.  Although  the  instrument 
was  pointed  toward  the  south,  the  light  of  the  aurora  of  course  got 

'  The  Norwegian  Aurora  Polaris  Expcdilion  igoz-igoj  (Christiania,  1913); 
"Expedition  norvegienne  de  1899-1900  pour  I'etude  des  Aurores  boreales,  etc.,' 
Videnskabs-Sehkabets  Skrifler,  1901;  and  Archives  des  sciences  phys.  et  nat.  (4), 
I,  512,  1896,  and  "Recherches  sur  les  taches  du  soleil  et  leur  origine,"  Videnskabs- 
Selskabets  Skrifler  (Christiania),  pp.  2  and  167,  1899. 
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to  the  plate  and  strongly  superposed  itself  upon  the  spectrum  of 
the  Milky  Way  and  spoiled  the  plate  for  its  intended  purpose. 

Since  that  time  many  spectrograms  have  been  secured  of  the 
night  sky  to  see  whether  it  is  always  possible  to  record  the  chief 
auroral  line  and  in  that  way  definitely  to  recognize  the  presence 
of  faint  general  auroral  illumination  of  the  night  sky.  In  this 
work  a  small  spectrograph  of  very  high  light-power  (camera  lens 
having  speed  F/1.9)  has  been  employed,  pointed  directly  to 
the  region  of  the  sky  to  be  investigated,  and  generally  left  station- 
ary during  the  exposure.  In  some  instances  an  image-forming  lens 
was  placed  before  the  slit.  Recently,  and  especially  for  the  long 
exposures  for  determinations  of  wave-length,  the  spectrograph  has 
been  directed  upon  the  northern  sky  from  the  window  of  a  basement 
room.  Cramer  Isochromatic  plates  have  regularly  been  used,  as 
they  have  a  high  sensitiveness  for  the  yellow-green  region  of  the 
spectrum,  including  the  chief  aurora  line.  In  general  each  expo- 
sure has  been  continued  through  one  night,  although  a  number  of 
plates  were  made  of  two  exposures  side  by  side  for  comparison  of 
two  different  parts  of  the  sky.  In  such  cases  the  exposures  were 
each  for  only  one-half  of  the  night.  The  presence  of  the  moon 
does  not  seriously  interfere  with  these  observations,  as  the  aurora 
line  can  be  clearly  seen,  superposed  upon  the  continuous  spectrum 
of  moonlight. 

In  the  past  three  and  one-half  years  something  like  one  hundred 
spectrograms  have  been  made  of  the  night  sky,  and  every  one  of 
these  has  recorded  the  chief  aurora  line.  Thus  during  this  period 
of  time  auroral  illumination  of  the  sky  has  been  found  to  be  present 
on  every  night  that  an  exposure  has  been  made  for  detecting  it. 
The  spectrograph  therefore  gives  direct  evidence  of  the  existence 
of  a  permanent  aurora. 

The  observations  indicate  an  increase  in  the  intensity  of  the 
aurora  light  as  the  zenith  distance  is  increased.  Also  it  is  more 
intense  in  the  sunrise  and  sunset  parts  of  the  sky  than  elsewhere. 
It  is  present  in  the  southern  as  well  as  the  northern  sky,  but  seem- 
ingly less  intense  in  the  north  than  in  the  east  and  west.  It  is 
possible,  however,  that  dawn  and  twilight  may  have  influenced 
some  of  the  plates,  as  a  slight  exposure  of  continuous  spectrum  of 
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the  sky  would  tend  to  strengthen  the  image  of  the  aurora  Hne. 
These  observations  were  not  made  with  great  care  in  such  respects, 
as  they  were  not  intended  for  the  purpose  of  studying  the  variation 
of  the  light  in  different  parts  of  the  sky,  although  the  value  of 
observations  carried  out  for  quantitative  results  in  that  direction 
has  been  appreciated. 

The  close  dependence  of  displays  of  aurora  upon  sun-spot 
activity,  which  for  some  time  has  been  well  established,  suggests 
that  there  are  variations  in  the  intensity  of  this  permanent,  general, 
auroral  illumination  of  the  sky.  Thus  there  is  good  reason  to 
expect  less  general  light  of  the  aurora  in  the  sky  during  the  time  of 
sun-spot  minima  than  during  sun-spot  maxima. 

To  realize  that  it  is  astronomically  of  vital  importance  to  know 
whether  or  not  there  exists  a  general,  permanent,  auroral  illumi- 
nation of  the  sky,  it  is  only  necessary  to  refer  to  the  work  that 
has  been  done  in  attempting  to  measure  the  brightness  of  the 
night  sky  in  determining  the  total  light  of  all  the  stars.^  Newcomb, 
who  seems  to  have  been  the  first  to  take  up  this  work,  presents 
the  needs  and  importance  of  investigation  in  this  field  in  the  fol- 
lowing words: 

The  total  amount  of  light  received  from  all  the  stars  may  serve  as  a  control 
on  theories  of  the  structure  of  the  universe,  because  the  amount  of  light  resulting 
from  any  theory  should  agree  with  the  observed  amount.  It  is  also  a  quantity 
which  we  must  regard  as  remaining  constant  from  age  to  age.  It  seems  pos- 
sible to  determine,  not  only  its  integral  value  for  the  whole  sky,  but  its  value 
separately  in  each  region  of  the  sky.  For  these  reasons  it  must  be  considered 
as  among  the  most  important  fundamental  constants  of  astrophysics. 

So  much  for  the  need  of  rehable  measures  of  the  brightness  of 
the  starlit  sky  and  the  total  light  of  all  the  stars.  That  serious 
difficulties  have  been  encountered  and  divergent  results  obtained 
in  carrying  out  the  necessary  observations  is  evidenced  by  the 
following  quotations  from  the  recent  paper  on  the  subject  by 

■  Newcomb,  "A  Rude  Attempt  to  Determine  the  Total  Light  of  All  the  Stars," 
Aslrophysical  Journal,  14,  297,  1901.  Burns,  "The  Total  Light  of  All  the  Stars," 
ihid.,  16,  166,  igo2.  See  also  The  Observatory,  33,  Nos.  420  and  421,  1910.  Townley, 
Publications  of  The  Astronomical  Society  of  the  Pacific,  15,  13,  1903.  Yntema,  "On 
the  Brightness  of  the  Sky  and  Total  Amount  of  Starlight,"  Puhlications  of  the  Astro- 
nomical Laboratory  at  Groningen,  No.  22,  1909.  Fabry,  "The  Intrinsic  Brightness  of 
the  Starlit  Sky,"  Aslrophysical  Journal,  31,  394,  1910. 
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Professor  Charles  Fabry  {loc.  cit.,  p.  399),  in  which  he  concludes  his 
discussion  of  his  observations  by  saying: 

Upon  the  whole,  therefore,  the  data  actually  obtained  on  the  number  of 
stars  are  very  far  from  being  in  accord  with  the  results  of  measures  of  intrinsic 
brightness.  Is  the  disagreement  a  result  only  of  inaccuracy  of  the  measures 
and  of  the  statistical  data?  That  is  not  certain.  If  it  were  proved  that  the 
total  intensity  of  the  sky  exceeds  considerably  the  sum  of  the  intensities  of  the 
observable  stars,  one  could  advance  two  hypotheses:  either  that  there  exists 
an  immense  number  of  stars  too  faint  to  be  observed  with  our  instruments, 
or  that  there  exists  throughout  the  sky  a  sort  of  continuous  nebulosity  giving 
a  tmiform  brightness. 

As  an  appendix  to  his  paper,  added  later,  he  comments  upon  the 
extensive  similar  investigation  of  Yntema,  thus: 

\'ery  recently,  Yntema  has  made  a  great  many  visual  measures.  The  most 
important  conclusion  from  his  observations  is  that  a  great  part  of  the  hght 
of  the  sky  is  of  terrestrial  origin.  This  result  seems  to  be  pecuHar  to  the  con- 
ditions under  which  Yntema  has  observed.  No  other  observer  has  found, 
from  one  date  to  another,  such  large  variations  as  those  observed  by  him.  The 
brightness  of  a  square  degree  in  the  region  of  the  celestial  pole  would  equal 
o.  19  that  of  a  star  of  magnitude  i,  a  result  about  four  times  as  large  as  those 

found  by  other  observers The  only  conclusion  to  be  drawn  from  these 

great  discordances  is  that  measures  made  in  different  epochs  and  in  different 
places  would  be  very  useful. 

Hence  these  spectrographic  tests  on  a  general  illumination  of 
the  sky  by  aurora  light  serve  to  establish  an  important  fact. 
While  this  disturbing  factor  in  these  important  photometric  re- 
searches has  been  photometrically  a  very  troublesome  one,  it  has 
yielded  readily  to  spectrographic  analysis.  The  case  offers  a  good 
example  of  the  directness  and  definiteness  of  solution  sometimes 
given  by  the  spectrograph  to  astrophysical  problems. 

These  spectrographic  results  suggest  the  cause  for  the  dis- 
crepancies in  the  measures  of  the  brightness  of  the  sky  by  the 
different  observers  referred  to  above.  For  example,  it  seems 
probable  that  Yntema,  observing  at  a  more  northern  station, 
encountered  more  intense  auroral  illumination  of  the  sky  than  did 
the  other  observers,  who  were  farther  south.  This  could  account 
for  the  greater  brightness  that  he  found  for  the  polar  region,  and 
it  is  possible  that  the  variation  he  found  from  date  to  date  was  due 
to  occasional  weak  auroral  displays  not  recognizable  as  such. 
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Xewcomb,  Burns,  and  Townley  observed  at  a  time  nearly 
coinciding  wdth  a  sun-spot  minimum  and  Yntema  nearer  spot 
maximum  than  did  Fabry.  This  would  afifect  the  observations  if, 
as  is  to  be  expected,  the  intensity  of  the  persistent  aurora  hght  is, 
like  the  aurora  displays,  greater  during  sun-spot  maxima  than 
during  minima.  Here  it  is  well  to  call  attention  to  the  fact  that 
Fabry  observed  photographically,  and  consequently  his  results 
should  have  been  less  affected  by  aurora  hght  than  if  they  had 
been  obtained  visually,  since  the  yellow-green  radiation  of  the 
aurora  would  affect  the  eye  much,  but  the  ordinary  plate  scarcely 
at  all.  However  this  may  be,  it  is  unfortunately  not  possible  to 
correct  these  extensive  observations  on  the  total  Hght  of  all  the 
stars  for  the  disturbing  aurora  light;  but  it  seems  clear  that  such 
observations  in  future  will  need  to  be  made  with  care  as  to  the 
presence  of  aurora  Hght  in  the  sky.  Spectroscopic  tests  of  the  sky 
could  be  made  to  decide  whether  or  not  the  night  is  a  suitable  one 
for  the  purpose,  or  as  good  as  any  to  be  had.  Besides,  the  employ- 
ment of  a  color-screen  so  adjusted  as  to  absorb  the  auroral  radiations 
is  to  be  considered  essential.  To  this  end  more  should  be  known 
of  the  spectrum  of  aurora  light,  but  a  screen  cutting  out  the  chief, 
line  in  the  yellow  would  doubtless  materially  improve  visual 
observations  of  the  brightness  of  the  light  of  all  the  stars. 

The  finding  of  the  spectrograph  substantiates  Yntema 's  con- 
clusion that  "  the  Hght  of  the  sky  at  night  is  composed  of  two  parts, 
one  reaching  us  directly  from  the  stars,  the  other  resulting  from 
processes  in  the  atmosphere.  The  latter  termed  'earthiight,'  is 
only  partly  due  to  dift'used  starlight.  It  seems  probable  that  the 
rest,  wholly  or  in  part,  is  due  to  a  permanent  aurora."  At  that  time 
Yntema  was  strengthened  in  his  conclusion  by  reports  of  several  ob- 
servers' who  had  seen  the  chief  aurora  line  in  the  spectrum  of  the 
sky  on  nights  when  they  did  not  recognize  any  of  the  phenomena 
of  an  auroral  display. 

'  Angstrom,  Die  Spectralanalyse  in  einer  Reihe  von  seeks  Vorlesiingen,  Braun- 
schweig, 1870,  p.  180.  Vogel,  Astronomische  Nachrichten,  79,  327,  1872.  Campbell, 
Astrophysical  Journal,  2,  162,  1895;  also  Lick  Observatory  Bulletin,  5,  46-47,  1908,  and 
more  recently  Publications  of  tlie  Astronomical  Society  of  the  Pacific,  29,  218,  191 7; 
Wiechert,  Physikalische  Zeitschrift,  3,  366,  1902;  and  Meteor ologisclie  Zeiischrift,  19, 
315,  1902. 
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This  subject  invites  much  further  spectrographic  study  with  a 
view  to  more  quantitative  results.  Simultaneous  observations 
with  duplicate  instrumental  means  at  two  stations  separated  con- 
siderably in  latitude  should  secure  comparable  material  of  the 
highest  value  in  itself  and  in  its  bearing  on  other  problems;  and 
it  is  hoped  that  some  observer  stationed  farther  north  will  become 
sufhciently  interested  to  take  up  the  work  of  investigating  the 
spectrum  (which  should  not  be  difficult  to  one  favorably  located) 
and  particularly  m  joining  in  a  co-operative  plan,  possibly  with 
this  Observatory,  in  the  further  study  of  the  general  auroral 
illumination  of  the  night  sky. 

WAVE-LENGTH   OF    THE   CHIEF   AURORA   LINE 

In  following  up  the  measurement  of  one  of  the  earlier  of  the 
plates  taken  with  low  dispersion,  which  had  indicated  a  longer 
wave-length  for  the  chief  line  than  the  commonly  accepted  value 
of  X  5571,  I  measured  several  additional  plates.  These  resulted  in 
a  considerably  longer  wave-length.  While  the  scale  of  the  plates 
was  small,  their  individual  results  agreed  satisfactorily,  and  the 
deviation  from  the  old  value  seemed  too  great  and  persistent  to  be 
brushed  aside  as  errors  of  observation. 

It  thus  appeared  desirable  to  determine  the  wave-length  with 
more  accuracy,  and  I  adjusted  a  powerful  three-prism  spectrograph, 
with  a  15-inch  camera,  for  the  desired  region  of  the  spectrum  and 
made  some  plates  with  this  high  dispersion.  The  exposures  were 
continued  over  many  nights,  the  last  one  running  considerably  over 
one  hundrecLhours.  The  instrument  was  in  a  basement  room,  of 
uniform  temperature,  and  directed  through  a  window  to  the 
northern  sky  a  little  way  below  and  to  the  east  of  the  pole.  Three 
of  these  plates  taken  with  higher  dispersion  were  secured  and  each 
measured  twice,  with  the  results: 

I {ll]l.>^'- 

" {^^J8:::}«78.05 

"I {^P^:??|557B.o8 

Final  mean  =  5578.05 
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The  sky  spectrum  served  for  comparison  on  these  plates  and 
was  exposed  briefly  on  a  number  of  days  during  the  period  of  the 
exposure  to  the  aurora.* 

The  wave-length  yielded  by  these  high-dispersion  plates  is 
slightly  greater  than  that  shown  by  the  small-scale  ones,  and 
greater  by  fully  seven  units  than  the  usually  accepted  value. 
So  large  a  deviation  from  the  old  value  is  very  surprising  and 
by  present  standards  intolerable.  I  can  find  nothing  wrong  with 
the  new  value;  the  employment  of  the  solar  comparison  spectrum 
precludes  misidentification  of  the  reference  lines  or  their  wave- 
lengths. The  high-scale  spectrograms  show  at  a  glance  that  the 
strong  solar  line  X  5573.075  falls  well  to  the  violet  side  of  the 
image  of  the  aurora  hne,  the  wave-length  of  which,  hence,  obvi- 
ously cannot  be  anything  like  X  5571,  the  previously  accepted 
value.  Spurious  displacements  in  these .  spectrograms  must,  of 
course,  be  inappreciable  in  comparison,  and  we  must  attribute 
the  discrepancy  to  the  old  \dsual  observations,  for  we  cannot 
assume  a  shifting  aurora  line.  In  this  connection  we  should  not 
lose  sight  of  the  fact  that  the  visual  observations  were  often  made 
under  very  unfavorable  conditions  that  permitted  only  estimate 
of  the  line's  position  or  wave-length.  There  seems  no  escaping 
the  conclusion  from  the  high-scale  spectograms  that  the  wave- 
length of  the  line  is  substantially  X  5578.05. 

Photographic  observations  of  the  spectrum  of  the  aurora 
since  1900,  by  Paulsen,'  Sykora,^  Westman,^  and  Vegard,''  included 

*  Editorial  Note. — ^The  author  has  sent  me  a  lantern  slide  of  the  spectrum 
of  the  aurora  and  sky  which  shows  the  green  line  very  strongly,  while  the 
solar  lines  are  too  faint  for  successful  reproduction.  At  his  request  I  am  glad 
to  state  that  it  is  perfectly  evident  that  the  green  line  falls  at  a  point  of 
greater  wave-length  than  the  solar  line  A  5573,  in  fact  nearly  i  mm  toward 
the  red  from  that  line  on  the  scale  of  the  slide.  E.  B.  F. 

'"Sur  le  spectre  des  aurores  polaires,"  Comptes  rcndus,  130,  655,  1900;  Rapp. 
Congr.  Internai.  dc  Physique  (Paris),  3,  438-52,  1900;  and  Rep.  Brit.  Asso., 
PP-  575-78,  1903- 

2  "Die  Wellenliingen  der  photographisch  erhaltenen  Linien  des  Xordlicht- 
spectrums,"  Aslronomische  Nachrichten,  156,  326,  1901. 

^Aurores  borealcs.  Mission  scicntifique  pour  la  mcsure  d'un  arc  de  meridian  an 
Spitzberg  (Stockholm),  2,  1904. 

*  "Pbotographische  .\ufnahmen  des  Nordlichtspectrums  mit  einem  Spectrographen 
von  grosser  Dispersion,"  Physikalische  Zeitschrift,  14,  677-Si,  1913. 
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determinations  of  the  chief  line,  but  these  do  not  incline  strongly 
toward  the  value  I  have  found.  Values  obtained  visually  by  Vegard 
with  a  direct-vision  spectroscope  are:  X  5576 .9,  using  hehum  refer- 
ence lines,  and  X  5573  . 7,  referred  to  hydrogen  Knes.  But  his  photo- 
graphic value  fell  back  to  X  5571.3,  and  he  suggested  X  5572.5 
as  a  mean  result  from  his  observations.  Westman  got  X  5572.6, 
Sykora  X  5570,  and  Paulsen's  value  seems  indefinite,  although  I 
have  not  been  able  to  consult  his  original  paper.  These  obser- 
vations, even  those  of  Vegard,  who  apparently  observed  under 
unusually  favorable  circumstances,  appear  to  have  left  the  wave- 
length rather  uncertain  according  to  present-day  standards. 

The  new  value  of  the  wave-length  resulting  from  my  observa- 
tions has  not  yet  led  to  the  identification  of  the  chemical  substance 
involved,  and  nothing  promising  falls  near  it.  In  this  regard  the 
old  value  offered  more  encouragement,  as  it  chanced  to  come  near 
a  strong  krypton  line.^ 

Reference  was  made  early  in  this  paper  to  a  spectrogram  of  the 
Milky  Way  which  was  exposing  on  the  night  of  June  16,  1915,  and 
so  recorded  the  spectrum  of  the  aurora  of  that  night.  The  spec- 
trograph was  unfortunately  directed  toward  the  south  and  adjusted 
with  a  wide  slit  for  the  continuous  spectrum  of  the  Milky  Way. 
Thus  the  conditions  were  unfavorable  for  a  good  spectrum  of 
the  aurora  because  it  was,  of  course,  blended  with  that  of  the 
Milky  Way,  although  the  latter  was  not  very  strong.  It  may  be 
of  interest,  however,  here  to  describe  briefly  the  aurora  spectrum. 
On  tliis  plate  the  chief  aurora  line  is  exceedingly  intense,  and  a 
line  near  X  3916  is  fairly  strong,  while  weaker  ones  are  doubtless 
present  near  XX  4277,  4180,  4450,  and  3740.  These  wave-lengths 
are  only  approximate.  Certainly  the  lines  X  3916  and  X  4277  have 
been  recorded  before,  and  very  possibly  the  others,  too. 

In  conclusion  I  wish  to  call  attention  to  tl]e  evident  need  for 
a  thorough  investigation  of  the  auroral  spectrum  and  to  emphasize 
the  fact  that,  where  brilliant  auroras  are  frequent,  valuable  results 
should  not  be  laborious  of  realization  with  a  suitable  spectrograph, 
i.e.,  one  with  moderately  high  angular  dispersion  and  a  fairly  short 
camera. 

'  C.  Rungc,  "Onthe  Spectrum  of  tlic.Xurora,"  AilrophysicalJounidl,  18,381, 1903. 
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Note  added  April  5,  19 19: 

Professor  Frost  has  kindly  called  my  attention  to  an  extensive 
paper  by  J.  Stark  on  the  identification  of  the  lines  of  the  aurora 
spectrum,  under  the  title:  "Das  Nordlichtspektrum  ein  Spek- 
trum  positiver  Strahlen"  {Annalen  der  Physik,  No.  24,  598,  1917). 
It  is  to  be  noted  that  Stark,  like  Vegard  (see  prexdous  reference), 
finds  very  close  correspondence  between  the  auroral  spectrum  and 
that  of  nitrogen,  except  in  the  case  of  the  chief  aurora  line — 
and  this  line  Stark  regarded  as  very  probably  due  to  the  pair 
of  nitrogen  lines  5560-5565  A.  However,  the  new  wave-length, 
5578.05  A,  for  this  line  makes  such  an  identification  quite  inad- 
missible, and  impUes  a  separate — non-nitrogen — origin  for  this 
line.  Stark's  work  emphasizes  still  more  the  need  for  accurate 
knowledge  of  the  other  lines  of  the  auroral  spectrum,  and  it  is 
to  be  hoped  that  this  information  will  soon  be  available  for  such 
laboratory  studies  as  Stark's  on  the  origin  of  the  features  of  the 
spectrum.  These  studies  are  of  the  highest  importance  in  com- 
pleting our  knowledge  of  the  aurora  and  in  disclosing  the  nature  of 
the  upper  air. 

Lowell  Observatory,  Flagstaff,  Ariz. 
March  3,  1919 


SPECTRA  AND  ATOMIC  NUMBERS  OF  THE  ELEMENTS 

By  J.  E.  PAULSON 

In  the  case  of  all  spectra  which  exhibit  series,  it  has  long  been 
known  that  there  exists  a  certain  relation  between  the  frequency- 
difference  of  certain  lines  and  the  atomic  weight  of  the  substance. 
For  elements  belonging  to  the  same  group  in  the  periodic  system, 
the  frequency-difference  between  the  lines  belonging  to  the  first 
doublet  or  triplet  of  the  principal  series  is  approximately  propor- 
tional to  the  square  of  the  atomic  mass  of  the  element.  As  is 
known,  the  same  dift'erence  exists  between  all  the  doublets  or 
triplets  of  the  subordinate  series.     In   Table   I   are   shown   the 

values  which  Rydberg'  has  computed  for     ^^    ,  where  v  indicates 

the  frequency-difference  and  P  the  atomic  weight. 


y 


TABLE  I 


lOJj' 

lOJVi 

ICKj 

P 

;' 

PT 

P 

Vt 

Vl 

P' 

P' 

Li... 

7  03 

0? 

0? 

Mg. 

24.38 

40.91 

19.85 

68.8 

33-4 

Na.. 

23.06 

17.19 

32.3 

Ca. 

40.00 

105.82 

52.16 

66.1 

32.6 

K... 

39  14 

57-85 

37-8 

Sr.. 

87-52 

394-22 

186.83 

51.5 

24.9 

Rb.. 

8544 

235-98 

32.3 

Ba. 

137-04 

878. 5 

370.4 

46.8 

19.7 

Cs... 

132.88 

553  87 

31-6 

Cu.. 

6344 

248.54 

61.8 

Zn  . 

65-38 

388.97 

189.82 

91.0 

44-4 

Ag... 

107.94 

920.48 

79.0 

Cd. 

1 1 2 . 08 

1170.76 

542.09 

93.2 

43.1 

Au.. 

197-25 

3815-40 

98.1 

Hg. 

200 . 36 

4631.17 

1767.09 

"54 

44.0 

Al... 

27.08 

112.02 

152.8 

0.. 

16.00 

3.70 

2.08 

14-5 

8.1 

Ga.. 

69.9 

823.6 

168.6 

s... 

32.06 

18.15 

II. 13 

17-7 

10.8 

In... 

"3-4 

2212.54 

172. 1 

Se.. 

79.07 

103.7 

44.07 

16.6 

6.6 

Tb.. 

204.15 

7792.63 

187.0 

As  will  be  seen  from  the  table,  this  proportionality  between  v 
and  P^  is  not  strictly  constant.  Since  the  frequency-difference 
can  be  expressed  only  approximate!}  by  use  of  the  second  power 
of  the  atomic  weight,  one  naturally  sets  it   proportional   to  an 

'J.  R.  Kydber^;,  Rapporl  au  Congris  iiitcniatioiuil  dc  Physique,  Paris,  1900. 
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arbitrary  power  of  the  atomic  weight,  this  power  being  different 
for  each  related  group  in  the  periodic  system  of  elements.  This 
is  the  method  which  has  been  used  by  Runge  and  Precht/  These 
authors  represent  the  connection  between  v  and  P  in  a  system 
of  co-ordinates,  in  which  the  variables  are  log  v  and  log  P;  and 
they  find  that  the  curves  thus  obtained  are  straight  lines.  On 
this  basis  they  then  proceed  to  compute  the  atomic  weight  of 
radium,  a  quantity  at  that  time  imperfectly  known.  But  the 
rectilinearity  of  these  curves  is  only,  however,  approximate,  as 
one  can  easily  see  from  a  large-scale  drawing. 

Since  no  other  relation  between  the  spectra  of  elements  and 
their  other  properties  has  yet  been  discovered,  it  has  seemed  to 
me  worth  while  to  study  the  question  further.  Since  the  atomic 
weight  is  surely  complex  in  its  nature  and  does  not  definitely 
determine  the  position  of  its  element  in  the  periodic  system,  it 
has  seemed  clear  to  me  that  the  atomic  weight  is  not  the  proper 
variable  in  which  to  express  the  properties  of  the  elements.  To 
start  from  the  Atomic  Numbers  which  are  whole  numbers  and 
which  definitely  locate  the  elements  in  the  periodic  system  would 
appear  to  be  a  better  procedure.  In  what  follows  I  shall  employ 
the  system  proposed  by  Rydberg.^  But  in  some  cases  it  is  quite 
possible  that  other  values  would  have  fitted  in  better.  Rydberg's 
system  is  shown  in  Table  II. 

TABLE  II 


G3 


G* 


i;e(o) 

j\-(2) 

/He(4) 
\Ne(i2) 

fAr(2o) 
I  Ni(3o) 

I  Kr(38) 

I        Pd(48) 

lfXf56) 

l]        Sm(64) 

:|  Pt(8o) 

lNt(88) 


H(i) 
-(3) 

Li  (5) 
Na(i3) 

K(2I) 

Cu(3i) 
Rb(39) 

Ag(49) 

Cs(57) 

Eu(65) 

Au(8i) 
-(89) 


III 


Be(6) 
Mg(i4) 


B(7) 
Al(i5) 


Ca(22)       ;Sc(23) 


Zn(32) 
Sr(4o) 
Cd(5o) 


Ga(33) 
Y(4i) 
In  (si) 


Ba(58)  La(59) 
Gd(66)        Tb(67) 

Yb(72)  Lu(73) 
Hg(82)j        Tl(83) 

Ra(9o)        —(91) 


IV 

V 

\1 

VII 

\-ni 

C(8) 
Si(i6) 

N(9) 
P(i7) 

0(io) 
S(i8) 

F(ii) 
Cl(i9) 

Ti(24) 

Ge(34) 
Zr(42) 

Sn(s2) 

V(25) 

As(3S) 
Nb(43) 

Sb(53) 

Cr(26) 

Se(36) 
Mo(44)' 

Te(s4) 

Mn(27) 

Br(37) 
-(45) 

1(35) 

Fe(28) 
Ru(46) 

Ce(6o) 
Dy(68) 

Pb(84) 
Th(92) 

Pr(6i) 

Ho(69) 
Ta(75) 

Bi(85) 
-(93) 

Xd(62) 

Er(7o) 
W(76) 

-(86) 
U(94) 

-(63) 

Tu(7i) 
-(77) 
-(87) 

0s(78) 

C0(29) 

Ri(47) 


Ir(79) 


My  attempt  has  been  to  discover  that  function  of  the  Atomic 

Numbers  which  will  best  represent  the  observed  values  of  the 

'  Physikalische  Zeitschrift,  4,  285,  1903.  *  J.  Ch.  Phys.,  12,  No.  5,  1914. 
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frequency-difference  v.  The  first  expression  which  suggests  itself 
is  that  obtained  by  substituting  the  Atomic  Number  for  the 
atomic  weight,  which  at  once  leads  to  the  formula 

v  =  [A  log.Y+5],' 
where  A  and  B  are  constants.     As  a  matter  of  fact,  this  equation 
represents  the  observed  values  generally  just  as  well  as,  and  in  sev- 
eral cases  better  than,  the  corresponding  equation  using  atomic 

weights 

v  =  [A\ogP+B]. 

The  following  formula,  however,  will  give  still  better  agreement, 

namely 

v  =  [A  \og{X+n)+Bl 

where  n  is  a  whole  number,  which  may  be  positive  or  negative, 
and  which  is  generally  small.  I  am  quite  convinced  that  if  one 
were  to  change  the  formula  involving  atomic  weights  in  a  corre- 
sponding way,  so  as  to  read 

v  =  [A  log  {P+n)  +  B], 

one  would  also  secure  better  agreement.  Since  it  is  difficult  to 
assign  any  physical  meaning  to  such  an  expression,  I  have  not 
examined  it  further. 

The  following  gives  the  result  of  my  investigation,  and  also  a 
comparison  with  the  values  obtained  by  use  of  the  atomic-weight 
formula.  The  constants  A  and  B  have  in  each  case  been  com- 
puted by  the  method  of  least  squares.  The.  value  of  n  was  first 
detemiincd  graphically. 

Group  I:  I.     Li,  Na,  K,  Rb,  Cs. 

".;'  =  [2  055461  log  (A -3) -0.819328] 

"^  =  [1 -953599  log  P- 1 -393596] 

TABLE  III 


N 

P 

y 

'AT 

Diff. 

"p 

Diff. 

Li 

5 
13 
21 

39 
57 

6-94 
23.00 
39   10 

85  45 
132-81 

o?* 

17.21 

57  90 

237-71 

SS4-IO 

(0-63) 

17-22 

57.66 

239.66 

551-50 

(1.78) 
18.48 
52.10 

239-99 
568.00 

Na 

K 

Rb 

Cs 

— O.OI 

-1-0.24 

-I  95 
-1-2.60 

-  1-27 
+  5-8o 

-  2.28 
-13.90 

*  Not  included  in  the  calculation. 

'  This  symbol  (  )  denotes  the  antiloKarithm. 
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The  computed  value  for  lithium  is,  of  course,  too  great  and  for  the 
principal  line  X  6708  would  correspond  to  a  difference  of  wave- 
length amounting  to  0.28  A. 

Group  I:  2.     Cu,  Ag,  Eu,  Au. 

Vy  =  [2. 786693  log  (A-i)-i.72i4i6] 
Vp  =  [2  .413119  log  P-i  .951540] 


TABLE  IV 

.V 

P 

! 

Dig. 

"p 

DifF. 

Cu... 
Ag... 
F,n 

31 

i     49 

!  65 
81 

63-57 
107.88 
152.0 
197.2 

248.13        248.24 
920.56  1      919-78 
(2050.47) 

—  O.II 

+0.78- 

251.15 
899.89 

-3.02 
+  20.67 

Au..  . 

3817. II      3818.67 

-1-56 

3857-84 

-40-73 

For  gold  I  have  assumed  the  fundamental  hnes  to  be  XX  2676.06 
and  2428.04,  which  yield  values  agreeing  well  with  those  com- 
puted. In  the  case  of  europium,  no  series  have  yet  been  found. 
Under  the  supposition  that  this  element  belongs  to  this  group, 
I  have  computed  the  frequency-difference,  p,  to  be  2057.17. 
In  a  previous  paper^  I  have  listed  some  constant  frequency- 
differences  found  in  the  europium  spectrum,  of  which  the  most 
frequently  recurring  is  1669.71.  Four  doublets  showing  this  dif- 
ference involve  eight  of  the  strongest  lines  of  this  spectrum.  It 
is  not  likely  that  this  frequency-difference  is  identical  with  the 
one  computed;  and  a  second  attempt  to  discover  a  frequency- 
difference  agreeing  better  with  the  computed  value  has  led  to 
no  favorable  result.  Possibly  the  discrepancy  is  due  to  a  mistake 
in  Rydberg's  system. 

Group  II:  I.     Mg,  Ca,  Sr,  Ba,  Yb,  Ra. 

^.Y  =  [2. 1 63 1 29  log  A -0.87 1 542] 


'2.V  • 


^[1.748748  log  (A -4) -0.459734] 


v^p  =  [i  .756001  log  P— 0.809218] 
v,p  =  [i  .680803  log  P  —  i  .006520] 


'Astrophysical  Journal,  40,  298,  1914. 
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TABLE  V 


N 

P 

"■ 

"= 

".A- 

Difif. 

"^.V 

Diff. 

"iP 

Diff. 

"^P 

Diff. 

Be.. . 

6 

14 
22 
40 
58 
72 
90 

9.1 

24-32 

40.07 

87-63 

137-37 

172.0 

226.4 

(6.48) 
40.52 
107.72 
392.57 
876.96 
(1399-84) 
(2268.33) 

+0.40 
-1.73 
+  1.87 
+  1-44 

(1-17) 
19-45 
54-38 
182.74 
.'71.35 
(555-73) 
(837-95) 

Mg... 
Ca... 
Sr.... 
Ba... 
Yb... 

40.92 
105.99 
394 . 44 
878.4 

19.89 
52.11 

187.05 
370.3 

+0.44 
—  2.27 
+4.31 
-1.05 

42.12 
101.24 
400.02 
880.89 

—  1 .20 
+4-75 
-5-5S 
+2.49 

21.04 

48.70 

181.42 

386.27 

-  I. IS 
+  3-41 
+  S.63 
-15.97 

Ra... 

No  triplets  are  known  which  correspond  to  the  computed  values 
for  the  three  elements,  Ba,  Yb,  and  Ra. 

Group  II:  2.     Zn,  Cd,  Gd,  Hg. 

''xAr  =  [3 -522017  log  (iY+i7)-3 -362998] 
''2iv  =  [ 2. 466934  log  (A'-t-2)-i  .499658] 

j^jp  =  [2  .220238  log  P— 1 .458622] 

V^p  =  [l  -998697  log  P-I  .357823] 


TABLE  VI 

N 

P 

Vj 

". 

"iX 

Diff. 

"^.V 

Diff. 

"iP 

Diff. 

»2/' 

Diff. 

Zn... 
Cd... 
Gd... 

32 
50 
66 
82 

65-37 
n  2  -  40 
157.3 
200.6 

388.91 
1171.05 

189.78 

541.86 

3S8.96 

1170.76 

(2489.01) 

4630.86 

-0.05 
+0.29 

-O.S5 

189.8s 

541.51 

(1049.59) 

1767.71 

—0.07 
+0.35 

377.02 
1243.27 

+  11.89 
-  72.22 

188.171+     1. 61 
550.85    -    8.99 

Hg... 

4630.31 

1767.19 

-0.52 

4498.84 

+131-47 

1753.23    +13.96 

Concerning  v^^^,  graphical  construction  shows  that  an  abnormally 
high  value  must  be  given  to  n,  namely,  n  =  \'].  This  may  appear 
questionable.  The  agreement  is  very  good,  however.  The  for- 
mula for  ViP,  on  the  other  hand,  shows  great  discrepancies.  In 
case  of  the  gadolinium  spectrum,  I  have  previously  described'  a 
connected  system  of  lines  of  the  ty])c  u.sually  occurring  in  those 
spectra  which  are  devoid  of  series.  It  is  therefore  doubtful  whether 
this  element  belongs  to  the  group.  I  have  not  found  any  triplet 
which  corresponds  with  the  predicted  values. 

Group  III.     B,  Al,  Ga,  In,  Tb,  Tl. 

''a'  =  [2-7i2737  log  OV+3)- 1  .355479] 
;/^  =  [2. 094583  log  /'-0.955935] 


Physikalische  Zcilschrifl,  i6,  191 5. 
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TABLE  VII 


N 

P 

^ 

".v 

Diff. 

"p 

Diff. 

B 

7 
IS 
33 
SI 
67 
83 

II. 0 

27.10 

69-9 
114. 8 
159-2 
204.0 

(22.76) 
112. 14 

(735-12) 
2208.26 
(4464-65) 
7803-78 

1                     1 

Al 

Ga 

112.07 

823.6* 

2212.63 

—   0.07 

I II . 06 

+      I  .01 

In 

Tb.... 

+  4-37 

2284.46 

-    71.83 

Tl 

7792.9s 

-10.83 

7616.88 

+  176.07 

*  Not  sure  and  not  included  in  the  calculation. 

The  principal  lines  in  the  spectrum  of  boron.  XX  2497.80  and 
2496.84,  have  a  frequency-difference  of  15.40,  which  possibly  is 
identical  with  the  computed  one.  In  the  Tb  spectrum,  no  series 
have  yet  been  found. 

Group  IV.     O,  S,  Se,  Te,  Er,  —  (S6) 

^.v  =  [2. 208775  log  (.V-3)- 1. 340342] 
i'^Y  =  [i -665132  log  (.Y-4)-o.8555ii] 

J'jP  =  [2  .130683  log  P—2  .007606] 
»'2P  =  [l  -732346  log  P-I  .613456] 


TABLE 

\TII 

A^ 

P 

"i 

v.. 

"lA' 

Diff. 

"sA- 

Diff. 

"iP 

Diff. 

"^P 

Diff. 

0 

s....... 

Se 

Te 

10 
18 
36 
54 
70 
86 

16.00 

32.07 

79-2 

127. 5 

167.7 

3-38 

17.90 

103.66 

2.76 
11.26 
44-82 

3-36 
18.09 
103 . 29 
(269.96) 
(493.23) 
(791.54) 

+0.02 
—0.19 
+0.45 

2.76 

11.30 

44.75 

(94.08) 

(149.37) 

0.00 
—0.04 
+0.07 

3-61 

15-90 

109-14 

—0.23 
+2.00 
-S.58 

2.97 

9-90 

47-40 

—0.21 
+1.36 
-2.58 

Er 

-(86).. 

No   series   are   known   in   the   spectrum   of   either    tellurium    or 
erbium. 

Ume.-?,  Sweden 
October  1918 


CORRELATION  BETWEEN  THE  COLOR-SCALES  OF 
ONE  AND  OF  TWO  DIMENSIONS 

By  J.  G.  HAGE\,  SJ. 

In  a  former  number  of  this  Journal  (34,  261,  191 1)  the  writer 
gave  the  history  and  the  definitions  of  the  two  color-scales:  the 
two-dimensional,  which  is  used  exclusively  in  England;  and  the 
one-dimensional,  generally  applied  on  the  Continent. 

I.  At  that  time  no  comparison  based  on  observations  was 
possible,  and  so  an  attempt  was  made  to  co-ordinate  the  two  scales 
from  a  purely  mathematical  point  of  view.  The  result  is  sho^\^l  in 
Table  I.  It  need  only  be  mentioned  that  B  stands  for  blue  and 
S  for  somber  or  dark,  and  that  in  the  compound  letters  the  left-hand 
symbol  has  the  adjectival  meaning,  e.g.,  YW  =  yellowish  white. 

TABLE  I 


White 

Yellow 

Orange 

Red 

BW 

W 

YW 

WY 

Y 

OY 

YO 

0 

RO 

OR 

R 

SR 

.  —I 

0 

I 

2 

3 

4 

5 

6 

7 

8 

9 

10 

To  make  this  table  a  practical  one  that  can  be  used  as  a  transi- 
tion from  one  scale  to  the  other  would  require,  strictly  speaking, 
that  each  observer  express  his  estimates  both  by  letters  and  by 
numbers.  As  this  can  hardly  be  expected,  it  only  remains  to 
construct  a  mean  table  by  collecting  the  estimates  of  different 
observers  and  comparing  letters  with  numbers. 

2.  This  can  now  be  done,  since  the  observations  of  Franks,  on 
the  one  hand,  and  of  Kriiger  and  Osthoff  on  the  other,  will  appear 
in  the  forthcoming  publication,  No.  IX,  of  the  Vatican  Observatory, 
which  concludes  the  third  volume  of  Series  II. 

There  are  3162  stars  observed  by  Franks  on  the  arcal,  and  by 
Kriiger  and  Osthoff  on  the  linear,  scale.  The  result  of  the  com- 
parison is  represented  in  Table  II.     The  single-letter  sjTnbols  of 
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Franks  were  written  on  separate  sheets,  and  the  corresponding 
numbers  of  Kriiger  or  Osthoff,  or  both,  were  then  collected  and 
combined  into  mean  values.  The  letter  n  denotes  the  number  of 
stars  in  each  case.  An  exception  was  made  for  the  symbol  W,  which 
was  compared  with  Osthoft" 's  numbers  only,  exclusive  of  Kriiger's, 
because  Kriiger  saw  the  white  stars  more  yellowish. 


TABLE  II 


Yellowish  Colors 

Orange  Colors 

Peculiar  Colors 

Fr. 

K.-O. 

n 

Fr. 

K.-O. 

« 

Fr. 

K.-O.                n 

W 

Y3 

1.99 

3  09 

4.96 
5-88 

553 
799 
653 
493 

OY' 

OY' 

OY^ 

0^ 

03 

4-23 
5-86 
6.42 
330 
6.35 
6.70 
7.71 

4 
78 
72 
15 
253 
137 
17 

B' 

YG' 

YG^ 

R' 

OR' 

2.01 

2-39 
2.82 

3-57 
3  40 
3-35 
I  50 

7 

13 

55 

3 

6 

Total 

2498 

576 

88 

3.  It  now  remains  to  examine  the  effect  of  saturation  indicated 
by  exponents  in  the  two-dimensional  scale.  This  question  is  of 
special  interest,  because  it  touches  the  radical  difference  between 
the  two  scales,  at  least  from  yellow  as  far  as  red. 

Leaving  out  for  the  moment  the  peculiar  colors,  we  collect  the 
letter-symbols  that  correspond  nearly  to  the  same  number,  and 
combine  these  numbers  into  mean  values.  We  thus  obtain 
Table  III.  The  second  hne  of  the  table  is  marked  normal,  because 
in  the  linear  scale  the  shadings  of  yellow  are  treated  as  normal  steps 
or  grades.  It  will  be  noticed  that  Franks  has  not  estimated  any 
star  as  purely  red.' 

A  number  of  conclusions  may  be  drawn  from  Table  III : 

a)  The  W-estimates  of  Franks  coincide  nearly  with  those  of 
Potsdam.  According  to  the  Generalkatalog,  p.  xxi,  the  symbol 
W  corresponds  to  the  number  2.4  of  Osthoff.     This  means  that 

'  Apart  from  variables,  the  catalogues  of  K.-O.  contain  a  few  stars  between  the 
color-grades  8  and  9,  e.g.,  K  844,  1079,  O  2264. 
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Osthoff  discerned  the  shadings  of  yellow  more  minutely  than  any 
other  observer. 

b)  The  normal  colors  of  Franks  for  all  the  tones  have  the  index  3. 
This  fact  is  important,  as  it  shows  that  the  four  degrees  of  saturation 
proposed  by  Smyth  and  retained  generally  are  only  theoretical, 
and  that  practically  the  normal  shading  is  3,  which,  by  the  way,  is 
an  improvement  on  the  theory  (see  the  writer's  article  quoted 
above,  p.  272). 

TABLE  III 


Kruger-Osthoff 

2.0 

3-2 

4-6 

S-9 

6.4 

6.7 

7-7 

- 

Normal  colors . . . 
Shifted  colors .  .  . 

W 

Y' 
0' 

Y2 

OY' 

Y3 

OY' 

OY^ 
0^ 

03 

OR' 

R3 

i 

c)  Lowering  the  exponent  shifts  the  letters  from  right  to  left, 
i.e.,  from  red  to  white.  Now  the  fact  that  the  shifted  symbols  all 
contain  orange,  which  is  a  tone  and  not  a  shading,  teaches  an 
important  lesson :  What  the  areal  scale  expresses  as  a  shading  is  in 
the  linear  scale  a  different  tone.  To  explain  more  in  particular, 
O^  is  meant  to  be  a  pale  orange;  now  a  pale  orange  seems  to  be 
necessarily  a  yellowish  orange  and  hence  a  tone  different  from 
orange.  Again,  OY^  is  a  pale  orange  yellow;  what  else  can  it  be 
than  a  pure  yellow  i.e.,  a  lower  tone  in  the  scale  ?  Similarly,  the 
symbols  O'  and  OY'  are  supposed  to  designate  very  faint  tints  of 
orange.  Can  the  most  experienced  observer  distinguish  them  from 
shadings  of  yellow  ?  Kriiger  and  Osthoff  could  not,  nor  can  the 
writer. 

It  seems  then  that  the  symbols  in  the  last  line  of  Table  III  have 
only  a  theoretical  meaning,  like  the  exponent  4,  and  that  practically 
the  symbols  that  stand  in  the  vertical  columns  of  Table  III  are 
identical. 

d)  Comparing  Tables  I  and  III,  wc  notice  that  the  normal 
colors  in  the  second  line  of  Table  III  have  a  shorter  range  than  the 
letter-symbols  of  Table  I,  both  in  form  and  in  substance.  In  form, 
because  they  contain  eight  symbols  against  ten  in  Table  I;  and  in 
substance,  because  the  range  from  W  to  OR^  is  5 . 7  steps,  while  in 
the  numerical  scale  there  are  7.5  grades  from  W  to  5  (RO+OR). 
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The  question  whether  a  shorter  scale  is  preferable  or  not  is  far 
less  important  than  an  attempt  to  estabhsh  a  closer  agreement 
between  the  color-scales.  Two  simple  changes  in  the  areal  scale 
would  make  the  correlation  almost  perfect.  The  first  is  that 
permutations  be  admitted  in  the  compound  letter-s}Tnbols;  and 
the  second  that  the  exponents  be  replaced  by  the  letters  W  and  S, 
as  in  Table  I.  ]\Iore  detailed  suggestions  were  proposed  by  the 
writer  in  the  article  quoted,  p.  273. 

e)  Finally,  as  regards  the  peculiar  colors  of  Table  II,  they  lie 
outside  the  numeral  scale  and,  in  fact,  could  not  be  expressed  in  its 
digits.  This  circumstance  forms  a  decided  advantage  of  the  letter- 
scale,  although  it  cannot  be  called  an  essential  deficiency  of  the 
number-scale.  Both  Kriiger  and  Osthofi"  maintain  that  those 
pecuKar  colors,  especially  the  tints  of  blue  and  green,  are  seen  only 
in  double  stars,  and  that  observations  of  this  kind  in  single  stars 
are  always  traceable  to  some  error.  The  mean  of  the  last  column 
K.-O.  in  Table  II  is  2.73,  i.e.,  on  the  eyes  of  Kriiger  and  Osthofi" 
those  88  stars  of  Franks  made  the  average  impression  of  a  pale 
yellow.  In  whatever  manner  this  question  may  be  decided,  let 
both  scales,  the  Hteral  and  the  numeral,  exist  side  by  side  and 
supplement  each  other's  defects. 

One  paramount  advantage  of  the  number-scale  is  asserting  itself 
at  the  present  time,  when  numerous  observations  of  Nova  Aquilae 
are  being  reduced  and  pubhshed,  to  which  a  color-correction  is,  or 
should  be,  applied  for  each  observer.     A  linear  formula  like  this, 

Mag.  =  .v-}->'  Grade-(-c  Color, 

is  usually  sufiicient.  The  unknown  coefiicients  are  obtained  from 
the  comparison-stars,  for  which  the  photometric  magnitude,  the 
scale  of  grades,  and  the  color  are  supposed  to  be  kno^\'n.  A  solution 
by  least  squares  will  furnish  the  zero  point  .v,  the  step  value  y,  and 
the  color-coefficient  z. 

Evidently  a  hteral  scale  cannot  lend  itself  to  the  reduction,  unless 
it  be  transformed  into  numbers  by  some  means  like  Table  II. 

Vatican  Observatory,  Rome 
Februaty  19 19 
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Geschichte  und  Literatur  der  verdnderlichen  Sterne.  Band  I. 
G.   MtJLLER   und    E.   Hartwig. 

A  free  translation  of  the  full  title  of  this  work  is:  '"  History  and  Litera- 
ture of  the  Light-Changes  of  the  Stars  Recognized  as  Variable  up  to  the 
End  of  1915,  as  well  as  a  Catalog  of  the  Elements  of  their  Variations," 
edited  under  instructions  from,  and  at  the  cost  of,  the  Astronomische 
Gesellschaft,  by  G.  Miiller  and  E.  Hartwig  (Leipzig,  Poeschel  and 
Trepte,  1918.     Vol.  I). 

The  first  catalogue  of  variable  stars  appeared  in  the  Philosophical 
Transactions  for  1786,  written  by  Pigott  and  containing  "observations 
and  remarks"  on  12  known  and  38  suspected  variables.  The  work 
under  review  describes  1687  variables,  of  which  838  are  found  in  the 
first  volume  of  xvi-f4oi  foHo  pages.  The  stars  are  arranged  in  order 
of  right  ascension  and  the  hours  o  to  14  inclusive  appear  in  this  volume. 
The  second  volume  will  contain  the  stars  in  the  remaining  hours,  and 
also  a  list  of  probably  variable  but  as  yet  unconfirmed  stars,  mostly 
found  on  the  photographs  taken  at  the  Harvard  College  Observatory 
and  at  Heidelberg.  The  third  volume  will  have  the  catalogue  of  latest 
elements  of  variation  and  a  number  of  auxiliary  tables,  but  no  graphic 
light-curves. 

This  great  work  was  planned  in  1901  when  Chandler  announced  that 
his  series  of  catalogues  of  variables  could  no  longer  be  continued.  The 
Gesellschaft  appointed  as  a  committee:  Duner,  Miiller,  Oudemans,  and 
Hartwig.  Kempf  was  added  to  the  number  after  the  deaths  of  Duner 
and  Oudemans.  The  scope  of  the  work  grew  during  years  of  planning 
till  it  finally  included  everything  that  could  be  classed  as  historical  about 
all  the  known  variable  stars.  No  wonder  that  the  mere  title  is  so  ponder- 
ous as  to  be  even  top-heavy,  when  the  plan  was  so  inclusive  and  the 
contents  were  made  to  measure  up  to  the  plan. 

This  review  must  be  limited  mainly  to  the  history  of  the  undertaking, 
which  is  described  in  16  folio  pages  of  introduction.  A  collection  was 
first  made  of  all  the  known  literature  bearing  on  variables,  and  a  card 
catalogue  was  made  by  individual  stars.     This  literature  was  examined 
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with  great  care  by  Miiller,  Boegehold,  Hartwig,  Zinner,  Lehnert,  Schulz, 
and  Pracka.  Efforts  were  made  to  collect  as  much  unpublished  material 
as  possible,  but  the  editors  admit  that  many  important  series,  especially 
from  American  observers,  were  not  available  to  them.  On  the  other 
hand,  of  the  three  sources  considered  the  most  valuable,  the  Asfro- 
nomische  Nachrichten,  the  Astronomical  Journal,  and  the  Harvard  Annals, 
two  are  American. 

After  three  years  of  labor  the  literature  was  assembled  and  the  card 
catalogue  brought  up  to  date.  Since  the  completion  of  the  work  as 
planned  was  evidently  beyond  the  powers  of  the  commission  alone, 
co-workers  were  secured,  including  Beljawsky,  Van  Biesbroeck,  Boege- 
hold, Ebell,  Fagerholm,  Graff,  Guthnick,  Lehnert,  Pracka,  Rosenberg, 
and  Zinner.  The  stars  were  divided  among  these  co-workers,  copies 
of  the  card  catalogue  being  furnished  them  by  Frau  ^Miiller,  and  the 
actual  work  of  arranging  the  material  for  publication  was  begun.  In 
the  published  work  the  reports  on  the  individual  stars  are  signed  by  the 
author's  initials. 

The  commission  felt  obliged  to  suspend  the  rule  requiring  two  wit- 
nesses to  a  star's  variability  before  it  was  admitted  to  the  catalogue,  and 
included  many  stars  vouched  for  by  a  single  reputable  observer,  if  the 
change  observed  visually  amounted  to  half  a  magnitude;  or,  if  found 
from  photographs,  if  it  changed  a  full  magnitude.  They  speak  of  the 
difficulty  of  forming  a  judgment  on  account  of  the  failure  of  the  discoverer 
to  publish  his  original  comparisons.  They  bemoan  the  fact  that  many 
valuable  series  of  observations  remain  so  long  unpublished;  and,  oddly 
enough,  mention  Hartwig,  one  of  their  own  number,  as  an  offender  in 
this  respect. 

The  important  cjuestion  of  reform  in  the  nomeficlature  of  variables 
is  discussed  at  length;  with  the  final  decision  to  adhere  to  the  old  system, 
with  amendments  to  make  it  last  for  a  decade  or  two  at  most,  rather  than 
to  break  boldly  with  tradition  and  inaugurate  a  lasting  system. 

A  compromise  of  somewhat  similar  nature  is  made  in  the  matter 
of  color.  Osthoff's  visual  scale  is  adopted  and  tables  are  given  for  con- 
verting to  his  standard  the  systems  of  Chandler,  Innes,  Kriiger,  Miiller 
and  Kempf,  Nyland,  Pracka,  and  Yendell.  No  mention  is  made  of 
color-index  or  the  ever-present  changes  in  color  with  variation  in  light. 

The  spectral  classification  is  taken  from  Harvard  Annals,  Vol.  56, 
No.  6,  which  is  ^Irs.  Fleming's  "Stars  Having  Peculiar  Spectra." 

Great  care  is  taken  in  the  matter  of  accurate  positions,  and  author- 
ities are  quoted  for  each  star.     The  statement  is  made  that  "precise 
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positions  are  valuable  not  only  for  certain  identification  but  especially 
for  the  determination  of  proper  motions." 

As  838  stars  occupy  401  pages,  an  average  of  about  half  a  page  is 
devoted  to  each  star.  A  translation  of  the  matter  given  for  a  sample 
star,  SS  Cassiopeiae,  follows,  which  will  give  a  better  idea  of  the  work 
than  a  verbal  description. 

3.  SS  Cassiopeiae  (o''4™24^  +5i°o.'6).     Not  found  in  the  B.D. 

Position  determined  by  Hartwig  {V.J.S..  43,  72).  Chart  by  Hart  wig 
{Bamb.  Vcrojf.,  II,  Band  i,  7). 

(*  ii"?6  pre.  6%  2.'8  S.— *  ii'"4  fol.  3%  i.'6  S.— *  ii-"!  fol.  5%  3:3  S) 

Discovered  1905  by  Fleming  on  the  Draper-Memorial  plates  (Harv.  Circ, 
98).  Spectrum  ISId.  A  range  of  photographic  magnitude  from  9"o  to  ii^s 
was  found  on  5  chart  plates  between  the  years  1S9S  and  1902.  Variability 
confirmed  b)'  Scares  and  by  Hartwig.  From  photometer  measures  in  1905  and 
1906  Scares  deduced  the  approximate  elements:  Max.  =  1905  Aug.  24  (24170S2) 
+  i4i'^E.  He  found  the  visual  range  to  be  about  3  magnitudes,  the  hght-cur\^e 
nearly  symmetrical  about  a  sharp  maximum.  Hartwig  found  from  observa- 
tions between  1906  and  1910  a  value  of  i39"?6  for  the  period,  with  a  range 
between  S^s  and  ii'"7. 

Literature. — Pickering,  Notice  of  Discovery  by  Fleming  {Harv.  Circ,  98, 
and  A.N.  4027). — Scares,  2  Max.  05  Aug.  24  (8'?o)  and  06  Oct.  20  (S"?;) 
from  photometer  measures  05  Aug.  7  to  Sept.  19  and  06  June  11  to  07  ^larch  i. 
Statement  of  days  when  the  variable  was  at  or  below  the  limit  of  the  7|-inch 
equatorial.  Approximate  elements  {Laws  Bulletin,  10). — Hartwig,  Indi- 
vidual Estimates  and  Deduced  Magnitudes  on  18  Days  in  the  Years  1906- 
19 10.  3  Max.  06  Oct.  20:  (8?5),  07  March  5:  (8'"5),  07  July  20  {S'^s)  and 
2  Min.  07  Oct.  3  (ii™7),  08  July  i  (11. 7).  Chart  of  the  neighboring  stars 
{Bamb.  Verojf.,  II,  Band  i,  7.  See  also  A.N.  4212,  Notation). — Graff,  4 
estimates  06  July  29 — 07  Sept.  i,  color  7,  first  and  last  estimates  near  the  Min., 
third  near  the  Max.  {.\.N.  4719).  Color-estimates  from  2  observations  6.0 
(A.N.  4709)- 

The  typography,  as  might  be  expected,  is  excellent.  A  single  detail 
perhaps  merits  criticism,  the  use  of  lower  case  superior  w  ("')  to  denote 
both  minutes  of  right  ascension  and  magnitude,  frequently  on  the  same 
line. 

J.  A.  P. 


THE 

ASTROPHYSICAL   JOURNAL 

AN  INTERNATIONAL  REVIEW  OF  SPECTROSCOPY 
AND  ASTRONOMICAL  PHYSICS 


VOLUME  XLIX  JUNE        I  9  I  9  NUMBER  5 


ON    THE    USE    OF    GRATING    SPECTRA    FOR    DETER- 
MINING   SPECTRAL    TYPE    AND    ABSOLUTE 
MAGNITUDE    OF    THE    STARS 

By  BERTIL  LINDBLAD 
PRELIMINARY   NOTICE 

In  a  recent  paper'  I  have  tried  to  give  an  exposition  of  the 
method  of  deriving  the  photographic  effective  wave-lengths  in 
grating  spectra,  especially  used  by  Hertzsprung^  and  by  Berg- 
strand-^  for  the  determination  of  the  color  and  spectral  type  of  the 
fixed  stars.  The  instrument  employed  was  the  twin  6-inch  astro- 
graph  at  the  Upsala  Observatory  with  Zeiss  triplet  lenses  (aperture 
15  cm,  focal  length  150  cm).  The  constant  of  the  wire  grating  in 
front  of  one  of  the  objectives  was  1.3422  mm.  This  instrument 
had  previously  been  used  for  determining  effective  wave-lengths  by 

^  Arkiv  for  Matematik,  Astronomi  och  Fysik  utgifvet  af  K.  Svenska  Vetenskaps 
akadamien,  13,  Xo.  26,  1918. 

^  Bulletin  astronomique,  25,  5,  1908;  Pnhl.  des  Astrophysikalischen  Observatoriums 
zu  Potsdam,  22,  Xo.  i,  1911;  Astrophysical  Journal,  42,  92,  1915;  Contributions  from 
Mount  Wilson  Solar  Observatory,  Xos.  100  and  loi. 

^  Astronomische  Nachrichten,  177,  241,  1908;  Nova  Ada  R.S.  Scient.  Upsal., 
Serien  IV,  2,  X'o.  4,  1909,  also  in  Comptes  Rendus,  148,  1079,  1909. 
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Bergstrand  and  Lindblad'  for  fixed  stars,  and  by  Lundmark  and 
Lindblad^  for  some  spiral  nebulae  and  globular  clusters. 

One  of  the  chief  results  of  the  investigation  was  that  the  effective 
wave-length  Xf  showed  a  very  close  relation  to  the  spectral  t}'pe 
defined  in  the  Harvard  system.  On  the  whole  the  effective  wave- 
length seemed  to  be  perfectly  analogous  to  the  color-index.  The 
difference  in  \  between  classes  B  and  K  amounts  to  about  22  ju/i, 
the  mean  error  for  a  single  measured  image  being  =*=  2  ntx.  But  it 
was  also  evident  that  for  the  later  spectral  tj'pes  the  color  was 
closely  related  to  the  absolute  magnitude  of  the  star,  a  fact  w^hich 
previously  has  been  more  or  less  clearly  expressed  by  Kapteyn, 
Van  Rhijn,  Adams,  and  Monk.-'  The  spectral  type  being  the  same, 
a  star  will  be  redder  the  smaller  its  absolute  magnitude,  i.e.,  the 
greater  its  luminosity.     From  the  colors  of  Osthoff^  and  the  list  of 

AC 
parallaxes  prepared  by  Walkey^  I  found  for  the  coefficient  7  =  -r-r^, 

where  C  and  M  denote  color  and  absolute  magnitude,  the  value 
—  o"^i2,  corresponding  to  — o'^^o53  in  color-index.  From  the 
effective  wave-lengths  for  26  stars  in  the  catalogue  of  500  parallaxes 
given  by  Adams  and  Joy^  I  found  7  =  —  o .  93  ^i^u  f or  the  types  Go 
to  K5,  corresponding  to  7=  —0^^052  in  color-index.  The  effect 
is  so  great  that  it  seems  quite  possible  to  compute  the  absolute 
magnitude  by  independent  determinations  of  color  and  spectral 
type.  The  effective  wave-lengths  for  the  stars  from  the  list  of 
Adams  and  Joy  could  be  arranged  in  two  distinct  series,  one 
representing  the  giants,  the  other  the  dwarfs.  Thus  it  seems  as 
if  we  had  here  a  valuable  complement  to  the  method  of  Adams  and 
Joy  for  the  determination  of  absolute  magnitudes. 

Now  the  question  arises.  What  may  be  the  cause  of  this  relation 
between  color  and  absolute  magnitude  ?     It  seems  most  reasonable 

'  Arkivfor  Mat.,  Aslr.,  och  Fysik,  11,  No.  17,  1916. 

'  Astrophysical  Journal,  46,  206.  1917;  Aslronomischc  .Xachrii/itcn,  205,  161,  1917. 

i  Astro  physical  Journal,  44,  45,  1916;  Mt.  Wilson  Conlr.  Xo.  119,  1916.  See 
also  a  recent  paper  of  Scares,  Publications  of  the  Astronomical  Society  of  the  Pacific,  39, 
122,  1918. 

*  Aslronomischc  Nachrichtcn,  153,  141,  1000. 

s  Journal  of  the  British  Astronomical  Association,  Appendix  to  27,  1917. 

'  Astrophysical  Journal,  46,  313,  191 7;  ^ft.  Wilson  Contr.  No.  142,  191 7. 
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to  assume  that  we  have  here  to  deal  with  an  effect  of  a  selective 
absorption,  more  pronounced  for  the  shorter  wave-lengths,  in  the 
vast  atmospheres  of  the  immense  stars  which  have  been  charac- 
terized as  giants.  The  spectral  Knes  which  define  the  spectral  type, 
for  instance  in  the  Harvard  system,  are  dependent  on  the  tempera- 
ture and  composition  of  the  photospheric  layers  of  the  star;  the 
color,  at  least  for  the  later  spectral  types,  in  addition  depends  on 
the  dimensions  of  the  overlying  atmosphere.  Thus  the  photo- 
spherical  conditions  and  the  dimensions  of  a  star  seem  to  be  uniquely 
determined  by  the  spectral  hnes  and  the  color  in  combination. 

But  have  we  really  exhausted  all  the  possibiUties  of  the  grating 
spectra  by  measuring  the  effective  wave-length  that  is  the  center 
of  the  density  in  the  photographic  image  of  the  spectrum  ?  There 
is  at  least  another  quantity  that  may  be  measured  as  well,  and  that 
is  the  length  of  the  spectrum.  In  the  investigation  mentioned 
above  I  have  measured  the  length  of  the  spectra  for  some  stars  of 
different  spectral  tj'pes.^  Thereby  it  was  found  that  the  outer 
Hmit  of  the  spectra  was  tolerably  constant,  but  that  the  inner  limit 
varied  rather  strongly.  Thus  the  spectra  were  much  shorter  for 
stars  of  the  later  types  than  for  those  of  the  earher.  But  since  the 
outer  limit  only  varies  shghtly,  and  besides  is  often  hard  to  define, 
it  is  of  no  use  to  measure  it,  and  in  this  way  we  have  only  the  inner 
hmit  left.  This  inner  limit  defines  the  shortest  wave-length  in  the 
spectrum  of  a  star  that  has  had  any  eft'ect  on  the  photographic 
plate  during  a  particular  exposure.  In  the  following  I  will  call  this 
wave-length  simply  the  minimum  wave-length,  Xmin-  For  good 
images  of  grating  spectra  taken  with  the  astrograph  of  the  observa- 
tory of  Upsala  this  minimum  wave-length  is  rather  sharply  defined 
and  easy  to  measure.  It  is  determined  in  a  manner  analogous  to 
that  used  for  the  effective  wave-length.  The  distance  between  the 
inner  hmits  of  the  two  spectra,  Smm^  is  measured  with  the  micrometer 
of  the  measuring  machine.  Then  for  the  center  of  the  plate  we 
have,  if/  is  the  focal  length,  c  the  grating  constant: 

''■nun  —      r^min 

V 

'  Loc.  cit.,  p.  6.  ■ 
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One  of  the  greatest  merits  of  the  grating  spectra  is  that  there 
are  good  controls  on  the  quahty  of  the  images.  The  chief  control 
is  the  symmetry  of  the  two  spectra,  not  only  the  symmetry  of  the 
outlines,  but  also  of  the  distribution  of  intensity  within  the  two 
images.  A  second  control  is  the  regularity  of  the  central  image. 
As  a  third  control  one  has  the  intensity  and  sharpness  of  the  blacken- 
ing of  all  the  three  images. 

Naturally  the  minimum  wave-length  as  well  as  the  effective 
wave-length  depends  on  the  instrumental  conditions,  the  telescope 
employed,  the  grating  constant,  and  the  properties  of  the  plates. 
The  sharp  limit  is  produced  by  several  causes  beside  the  character 
of  the  energy-curve  of  the  spectrum,  as  the  sensibility-curve  of  the 
plates,  the  absorption  in  the  lenses,  and  the  secondary  spectrum 
of  the  objective,  i.e.,  the  variation  of  the  focal  length  with  the 
wave-length.  The  limit  is  broad  and  well  defined  for  the  white 
stars;  when  Xmin  increases  for  the  redder  stars  the  limit  is  drawn 
to  a  point,  and  for  extremely  red  stars,  the  giants  of  type  M,  it  is 
rather  diffuse. 

The  minimum  wave-length  is  dependent  on  the  intensity  of 
image,  and  must  be  defined  for  a  certain  intensity.  As  parameter 
of  correction  I  have  chosen  the  same  as  for  the  effective  wave- 
length, the  diameter  D  of  the  central  image.  The  normal  intensity 
is  also  the  same,  Z)  =  o .  14  revolutions  of  the  micrometer,  correspond- 
ing to  0.07  mm.  The  correction  seems  at  first  to  diminish  for  the 
redder  stars;  it  is  greater  for  Xmin  than  for  X^,  but  is  well  defined 
and  lies  within  reasonable  limits. 

Thus  we  have  found  in  the  minimum  wave-length  a  new  and 
easily  measurable  color-equivalent,  determined  from  the  shortest 
possible  wave-lengths  in  the  spectrum.  The  question  now  is  what 
we  may  gain  by  this  new  color-equivalent.  In  the  foregoing  we 
have  seen  that  the  later  spectral  types  do  not  uniquely  determine 
the  color  of  a  star,  this  being  moreover  in  a  certain  degree  dependent 
on  the  absolute  magnitude.  In  order  to  simplify  the  reasoning  we 
may  say  that  there  are  two  different  series  of  stars,  giants  and 
dwarfs,  corresponding  to  two  distinct  series  of  color.  In  each  of 
these  series  taken  alone  the  spectral  type  and  the  color  advance 
with  falling  temperature;  in  the  investigation  previously  mentioned 
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it  was  found  that  for  the  stars  of  Wilsing  and  Scheiner/  in  all 
probability  mostly  giants,  the  relation  between  temperature  and 
effective  wave-length  could  be  represented  by  the  equation: 

Xc  =  403.4MM+ii-4  •  ^  • 

According  to  the  law  of  Wien  this  means  that  there  is  a  linear 
relation  between  X^  and  the  wave-length  for  the  maximum  of 
energy  in  the  spectrum.  The  difference  between  the  two  series  is 
probably  caused  by  a  different  absorption  in  the  stellar  atmospheres. 
As  a  type  for  these  atmospheres  we  may  take  that  of  the  sun. 
From  the  observations  of  Vogel  the  coefficient  of  transmission  for 
different  wave-lengths  has  been  determined  by  Seehger.^  From 
these  values  of  the  coefficient  of  transmission  I  have  computed  in 
Table  I  the  coefficient  of  absorption  n,  defined  in  the  equation: 

where  7  is  the  intensity  of  light  for  a  certain  wave-length,  5  the 
number  of  solar  atmospheres  which  correspond  to  the  distance 
covered  in  the  absorbing  medium. 

The  law  of  Planck  for  the  intensity  of  radiation  of  a  black  body 
may  be  written  for  short  wave-lengths  and  not  too  high 
temperatures : 

c 

I  =  C\-H  ^'. 

If  the  beam  of  light  also  has  to  travel  through  an  absorbing 
medium,  we  have 

c 

If  n  were  proportional  to  i  X,  the  effects  of  temperature  and 
absorption  would  be  of  the  same  quality,  and  would  produce 
analogous  changes  in  the  intensity  distribution  of  the  spectrum. 
Then  theoretically  we  could  gain  nothing  by  the  introduction  of  a 
new  color-equivalent  such  as  the  minimum  wave-length,  for  then 
it  would  be  impossible  to  separate  the  effects  of  the  two  variables — 
temperature   and   absorption — even  if   the   new   color-equivalent 

'  Piibl.  des  Astrophysikalischen  Observatoriums  zti  Potsdam,  19,  1909. 

'  Silzungsber.  der  K.  Bayer.  Akad.  der  Wiss.  Math.  Phys.  KL,  21,  247-72,,  1891. 
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were  determined  from  another  part  of  the  spectrum,  for  instance 
as  here  from  the  shortest  possible  wave-lengths.  Now  according 
to  Miiller,'  Abney,  and  Langley  the  coefficient  of  absorption  for 
the  atmosphere  of  the  earth  increases  with  a  much  greater  speed 
than  the  function  C/  X.    According  to  Table  I  it  seems  as  if  the  same 

TABLE  I 


Wave-length 


662  nix 
579-  •  ■ 
513-  •■ 
470. . . 

443- • ■ 
409 .. . 


Coefficient 

of  Trans- 

n 

mission 

0.77 

0.26 

0.66 

0.42 

0.63 

0.46 

0.64 

0.45 

0-S7 

0.56 

0.54 

0.62 

0.32 
0.37 

0.41 

045 
0.48 
0.52 


were  in  some  degree  true  for  the  atmosphere  of  the  sun,  at  least  for 
the  photographic  part  of  the  spectrum.  In  the  last  column  C/X  is 
made  equal  to  n  for  X  =  47o  }iii,  which  is  very  near  the  outer  limit 
of  the  grating  spectra.  At  all  events  we  have  some  reasons  to 
believe  that  Xmin  may  be  considered  as  an  ahsorption-equhalent;  it 
is  a  priori  probable  that  Xmin  is  more  sensible  for  absorption  than  X^, 
which  on  the  whole  principally  has  the  character  of  a  temperature- 
<L'quivalent.     ' 

But  before  we  go  further  in  the  theoretical  discussion  I  will  refer 
to  the  results  obtained  in  a  preliminary  investigation  of  the  subject. 
For  a  sequence  of  thirty-five  stars,  chosen  to  represent  different 
spectral  types  and  absolute  magnitudes.  I  have  determined  X,  and 
Xmin-  Twenty-five  of  the  stars  were  taken  from  the  catalogue  of 
Adams  and  Joy,  and  as  a  complement  live  stars  of  earlier  types 
were  measured.  In  addition  four  stars  of  r-character  in  Miss 
Maury's  classification  have  been  included.  According  to  Hertz- 
sprung-'  the  stars  of  this  character  are  of  a  very  high  luminosity; 
from  the  catalogue  of  Adams  and  Joy  it  is  seen  that  their  absolute 
magnitudes  are  on  an  average  smaller  than  those  of  the  other  giant 
stars.     To  the  c-stars  I  have  added  5  Ccphei;  though  only  being  of 

'  Photomelrie  der  Gesliriie,  p.  i  jg. 

'  Zcilschrift  fUr  wisseuschaftliche  Photographic,  3,  429;  5,  86. 
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ac-character  in  Miss  Maury's  classification,  there  cannot  be  any 
doubt  about  its  exceedingly  great  luminosity;  its  absolute  mag- 
nitude (apparent  magnitude  in  the  distance  10  parsecs)  may  be 
estimated  to  —  2^^^ 

The  telescope  and  grating  were  those  mentioned  above,  the 
plates  were  Imperial  S.S.,  Emulsion  9629A.  These  plates  seem 
to  be  less  rapid  than  those  employed  in  the  foregoing  investigation 
of  the  emulsion  9220A.  As  developer  Rodinal  was  used.  A  good 
control  on  the  quahty  and  development  of  the  plates  would  be  to 
take  some  control  stars  on  each  plate,  but  this  would  involve  a 
considerable  increase  of  labor.  In  this  case  I  have  generally  taken 
many  stars  of  different  kinds  on  the  same  plate.  A  systematic 
difference  between  the  different  plates  has  not  been  discovered. 
The  distribution  of  the  stars  between  the  plates  is  shown  in  Table  II. 
The  numbers  refer  to  the  first  column  of  Table  IV, 

TABLE  II 


Plate  Number 

DateigiS 

Stars 

I 

2 

3 

4 

5 

6 

7 

8 

Sept.  14 
Sept.  20 
Sept.  21 
Sept.  21 
Sept.  24 
Sept.  26 
Sept.  27 
Oct.     4 

2,5,6,7,8,17,18,22,29,34 

32 

26,27,28,35 

15,  30,  31,  33 

10,  II,  12 

13,  14,  16,  19,  24,  25 

3,  4,  9,  19,  20,  21,  23 

I 

The  effective  wave-lengths  were  determined  in  the  usual  way. 
After  a  plate  was  measured  in  one  position  it  was  turned  180°  and 
measured  again.  The  correction  for  the  intensity  of  image, 
measured  by  the  diameter  D  of  the  central  image,  was  taken  from 
the  investigation  previously  referred  to,  but  for  safety  the  limits 
were  taken  more  close  to  the  normal  diameter.  The  correction  for 
the  zenith-distance  was  also  taken  from  the  paper  mentioned. 

The  minimum  wave-length  was  measured  according  to  the 
principles  mentioned  above.  As  far  as  possible  the  measurements 
were  performed  without  knowledge  of  either  the  spectral  type  or 

'  Hertzsprung,  Astronomische  Nachrichten,  196,  201,  1914. 
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the  luminosity  of  the  star  in  question.  The  distance  between  the 
inner  hmits  of  the  two  spectra  was  measured  with  a  double  thread 
of  the  microscope  of  the  measuring-machine,  and  in  both  positions 
of  the  plate.  A  rigorous  control  was  applied  to  the  quality  of  the 
images,  of  which  only  the  best  ones  were  measured. 

Table  III  shows  the  correction  of  Xmin  for  the  intensity  of  image. 
I  have  found  three  distinct  types  for  the  eflfect  in  question,  corre- 
sponding to  three  different  groups  of  stars.  The  first  group  con- 
tains all  stars  with  Xmin  <  378  jum;   the  second  consists  of  the  dwarfs 

TABLE  III 
(Unit  of  Z) =0.01  of  a  rev.  of  the  micrometer) 


Diameter 

Group  I 

Group  II 

Group  III 


12 

13 

14 

IS 

—  4.6  mm 
-2.9 

—  1.2 

—  2  .  I  MM 
-1.4 

—  0.2 

0  .0  MM 

0.0 

0.0 

+  2.1  MM 
-^2.2 
0.0 

16 


+4 -4  MM 
+50 
0.0 


with  Xmin > 3 78  mm;  the  third  is  formed  by  the  giants  from  the 
catalogue  of  Adams  and  Joy  with  Xmin>378MM-  Obviously  the 
magnitude  of  the  correction  diminishes  with  increasing  redness  of  a 
star.  In  consequence  of  this  it  is  probable  that  the  effect,  at  least 
for  the  first  group,  is  principally  produced  by  the  same  cause  as  the 
usual  widening  of  stellar  disks  with  increasing  time  of  exposure,  for 
otherwise  we  should  have  to  expect  a  less  marked  effect  for  the 
white  stars  than  for  the  redder.  The  choice  of  the  diameter  D  of 
the  central  image  as  parameter  of  correction,  which  might  be  open 
to  some  objections,  thus  seems  more  legitimate. 

For  exceedingly  red  stars,  Xf>435MM»  the  magnitude  of  the 
effect  increases  considerably;  in  this  way  we  have  a  fourth  type  of 
the  effect,  which  is  here  conditioned  by  the  less  rapid  fall  of  the 
spectral  intensity  on  the  side  of  the  shorter  wave-lengths.  This 
type  of  the  effect  seems  "also  to  hold  true  for  the  c-stars  of  the 
later  types.  The  correction  used  for  the  stars  in  question  is: 
AX  =  3. 5  MM  (^—14).  where  D  is  expressed  in  hundredths  of  a 
revolution  of  the  micrometer. 

Then  in  order  to  derive  the  definitive  values  of  Xmin,  when  they 
are  greater   than   ^78  jifi,   wc   must    know   something  about   the 
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absolute  magnitudes  of  the  stars.  i\.s  shall  be  mentioned  in  the 
following,  this  will  be  possible  by  a  combination  of  X^  with  a  pre- 
hminary  value  of  Xmin-  On  the  other  hand  the  appearance  of  the 
efifect  for  a  certain  star  may  give  some  information  about  its 
luminosity. 

TABLE  IV 


Xo. 


Star 


App. 
Mag. 


R.A. 

I  goo 


Decl. 
I  goo 


Spectrum 


Abs.  Mag. 


7 
8 

9 
10 
II 
12 
13 
14 
15 
16 

17 
iS 

19 

20 

21 

23 
24 
25 
26 

■27 
28 

29 
30 
31 
32 

34 
35 


T  Cygni 
a  Pegasi 
Boss  5772 
Groom.33S7 
Boss  5920 
Lai.  47207 
85  Pegasi 
17  Pegasi 
e  Androm. 
Fed.  4371 
77  Piscium 
Boss  6097 
24  Vulpec. 
€  Cygni 
rj  Cephei 
Lai.  39704 
Pi  22*^  214 
I  Cephei 
€  Pegasi 
Lai.  38683 
Boss  5602 
Boss  5868 
Boss  5976 
61'  Cygni 
61-  Cygni 
/3  Cephei 
o  Herculis 

5  Cygni 
a  Pegasi 
e  Cephei 

4  Lacertae 
a  Cygni 
d  Draco, 
p  Cass. 

6  Cephei 


3-8 
S-3 
6.1 
6.6 

6.5 
6.2 

5-9 
31 
45 
7  5 
3-7 
6.6 

5-4 
2.6 
3-6 
7.0 
6-5 
3-7 
2.5 
7-3 
6.5- 
6.1 
5-6 
5-6 
6.3 

3.8 
30 
2.6 
4.2 
4.6 

1-3 
50 
50 
var. 


2l''lO' 
22  47 
22  18 
20    56 

22  53 

23  59 
23  56 

22  38 

23  I 
I   26 

23  39 
20  12 
20  42 
20  43 

20  29 
22  40 
22  46 

21  39 

20  6 

21  41 

22  39 

23  8 


21  27 

18  3 

19  41 

22  59 
22  II 

22  20 

20  38 
18  30 

23  49 
22  25 


37  37 
9  18 

20  21 

39  51 

8  so 
34  6 
26  33 
29  42 

28  46 
67  52 

14  50 

55  15 

24  22 

33  36 
61   27 

41-33 

29  55 
65  40 

9  25 

15  53 

25  6 

38  56 

56  37 
38  IS 
38  IS 
70  7 
28  4S 

44  53 
14  40 

56  33 
48  58 
44  56 
56  58 

56  57 

57  54 


Fi 
F4 
FS 
F7 
Go 
Go 
Gi 
G2 
G3 
Gs 
Gs 
G6 
G7 
G8 

G9 

Ko 

Ko 

Ko 

Ko 

Ki 

K3 

K4 

Ks 

K7 

K8 

Bi;  Ilia 

A;  Vllb 

A;  Vllb 

A;   Vlllb 

As;  Xa,  b 

B9;  Vic 

A2p;   VIIIc 

F8p;  XIIIc 

G4p;  XIIIc 

Go;  XI Vac 


+1 

+3 
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As  the  material  is  too  scanty  for  an  accurate  determination  of 
the  effect,  I  have  not  generally  used  corrections  exceeding  5  /x/^. 

For  the  influence  of  the  zenith-distance  I  have  assumed  the 
same  values  of  the  correction  as  for  the  eflfective  wave-length.  It 
is  evident  that  Xmin  is  much  less  sensible  for  changes  in  the  spectral 
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intensity  for  stars  of  the  earliest  spectral  types,  and  therefore  I 
have  not  applied  the  correction  for  stars  with  Xmin  less  than  375  MM- 
It  may  be  that  the  correction  for  the  zenith-distance  ought  to  be  a 
little  greater  than  I  have  assumed  here,  but  in  most  cases  it  is  too 
small  to  be  of  any  importance. 

Table  IV  contains  the  results  of  the  measurements.     The  first 
column  contains  the  number  of  the  star,  the  second  to  fifth  the 
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name  of  the  star,  its  visual  magnitude,  R.A..  and  Decl.  The  sixth 
and  seventh  contain  the  spectral  type  and  absolute  magnitude 
according  to  Adams  and  Joy  (spectrum  estimated).  For  the  last 
ten  stars  the  spectral  type  is  due  to  Harvard;  for  a  Pegasi  and 
€  Cephei  the  absolute  magnitudes  are  computed  from  the  paralla.x- 
list  prqxarcd  by  Walkey.  The  last  columns  contain  the  eiTective 
and  minimum  wave-lengths  and  the  number  of  images  from  which 
Xmin  has  been  derived.  In  computing  definitive  values  of  X^in  the 
images  with  D<  12  are  generally  excluded. 

Fig.  I  shows  the  relation  between  the  effective  wave-length  Xc 
and  the  spectral  type.     The  open  circles  indicate  giants,  the  black 
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circles  dwarfs,  the  circles  with,  a  cross  represent  an  intermediate 
tv-pe.  The  five  c-stars  are  represented  by  crosses;  as  mentioned 
above,  they  may  be  considered  as  the  most  pronounced  giants. 
The  early-type  stars  with  character  a  and  b  are  designated  as  giants, 
except  e  Cephei. 

The  character  of  the  diagram  is  precisely  the  same  as  had  been 
found  in  the  previous  paper/  Five  stars  of  the  giant  series  are 
common  for  the  two  investigations.     From  these  stars  it  is  seen 


385  MM 


that  the  effective  wave-lengths  for  the  Imperial  plates  of  the  emul- 
sion 9629A  are  on  an  average  3.ojUyu  smaller  than  those  measured 
on  plates  of  the  emulsion  9220A.  This  correction  seems  to  hold 
unchanged  through  the  whole  spectral  series.     For  the  coefficient 

AX, 
AM' 
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where  M  is  the  absolute  magnitude,  I  find  the  value  —  0.87//^ 
from  the  stars  of  the  spectral  types  Go  to  K8.  In  the  previous 
paper  I  found  7,  =  —  0.93  ju/^i  for  the  tj-pes  Go  — K5. 

In  Fig.  2  the  relation  between  the  minimum  wave-length  Xmin 
and  the  spectral  type  is  shown.  It  is  at  once  evident  that  the 
difference  between  giants  and  dwarfs  is  far  more  marked  than  for  \c- 

AXmin 


Tmin  — " 
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■  hoc.  cit.,  pp.  45  f.,  73. 
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is  found  to  be  —  i .  lo  mm  for  the  types  Go  to  K8,  mean  type  G9. 
Thus  the  coefficient  7  has  a  somewhat  higher  value  than  for  X^ 
though  the  differences  in  Xmin  between  different  spectral  types  are 
generally  less  than  the  corresponding  differences  in  X^.  It  is 
evident  that  Xmin  has  a  lower  limit  at  about  373  ju)li,  which  seems 
to  be  reached  already  by  some  dwarfs  of  types  F-G.  This  limit  is 
caused  by  the  fact  that  the  maximum  of  energy  in  the  spectrum 
begins  to  fall  in  too  short  wave-lengths,  outside  the  limit  of  the 
sensibility  of  the  plate.  It  is  moreover  very  probable  that  the 
appearance  of  Fig.  2  is  in  a  high  degree  conditioned  by  the  instru- 
mental means,  for  instance  the  secondary  spectrum  of  the  objective. 
A  consequence  of  the  lower  limit  of  Xmin  must  be  that  for  the  early 
types  the  effect  of  different  luminosity  is  diminished.  That  never- 
theless there  are  some  possibilities  for  a  successful  apphcation  of 
the  method,  at  least  for  the  greater  luminosities,  is  indicated  by  the 
high  values  of  Xmin  for  the  two  c-stars  4  Lacertae  and  a  Cygni.  The 
mean  error  of  Xmin  for  a  single  measured  image  I  have  found  to  be 
about  =^1-3  MM- 

Fig.  I  and  Fig.  2  illustrate  the  relations  and  fundamental  dif- 
ferences between  the  three  spectral  symbols,  the  spectral  type 
determined  from  the  hnes  in  the  spectrum,  and  the  color-equivalents 
Xc  and  Xmin-  The  spectral  lines  define  the  photospheric  conditions 
of  a  star;  then  according  to  Fig.  2  the  minimum  wave-length  seems 
to  determine  the  absolute  magnitude  with  a  fair  degree  of  accuracy. 
For  the  real  color-equivalent  Xc  the  effects  of  absorption  are  on  the 
whole  of  a  subordinate  importance.  This  leads  us  to  the  important 
conclusion  that  the  effective  wave-length  X,  may  be  used  as  a 
substitute  for  the  spectral  class  in  the  determination  of  absolute 
magnitude  by  means  of  Xmin-  The  relation  between  X<:  and  Xmin  is 
shown  in  Fig.  3.  The  differences  between  giants  and  dwarfs  are 
still  well  marked.  Thus  when  the  absolute  magnitude  is  known 
from  a  combination  of  Xmin  and  Xf  in  the  way  indicated  by  Fig.  3, 
then  X,  may  be  used  to  determine  the  exact  spectral  type  by  means 
of  Fig.  I.  In  this  way  we  should  have  determined  both  spectral 
type  and  absolute  magnitude  with  quantities  measured  directly  on 
the  grating  spectra  and  without  any  reference  to  the  spectral  lines. 
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If  this  principle  can  be  realized  in  practice  with  the  necessary- 
accuracy  also  for  relatively  long  exposures,  it  would  be  of  great 
importance,  because  the  grating  spectra  can  be  photographed  with 
relatively  small  instruments  for  stars  of  very  faint  magnitudes,  for 
which  the  spectral  lines  cannot  be  determined  even  with  the  largest 
instruments.  At  any  rate  Fig.  2  represents  a  method  for  deriving 
absolute  magnitudes  of  later-t>'pe  stars  which  promises  to  be  very 
convenient  in  practice,  and  seems  to  be  a  valuable  complement  to 
the  method  of  Adams  and  Joy. 
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There  is,  however,  another  important  conclusion  to  be  drawn 
from  Figs,  i  and  3.  Hertzsprung'  has  found  that  the  effective  wave- 
lengths of  absolutely  faint  stars  have  a  superior  limit,  which  seems 
to  be  reached  at  the  absolute  magnitude  +8  (app.  mag.  in  the 
distance  10  parsecs).  Now  the  two  stars  in  the  system  of  61  Cygni, 
of  the  spectral  types  K7  and  K8.  are  of  the  absolute  magnitudes 
7 . 9  and  8.7;  their  effective  wave-lengths  have  been  found  to  be 
430.4  ju/i  and  430.5  )UjLi.  If  the  division  of  the  stars  in  giants  and 
dwarfs,  as  it  is  shown  in  the  catalogue  of  Adams  and  Joy.  holds 
through  the  whole  stellar  system,  then  from  the  dwarf  series  in 
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Fig.  I  and  3  we  may  conclude  in  accordance  with  the  facts  men- 
tioned that  stars  with  \c>AZ2>  MM  «^^  M  giants.  Xc=433  MM  corre- 
sponds to  about  -f  1 .  2  in  color-index. 

Further  investigations  on  the  subject  will  be  continued  at  the 
observatory  of  Upsala. 

Astronomical  Observatory,  Upsala 
December  2,  1918 


COLOR-SEXSITIVEXESS  OF  PHOTO-ELECTRIC  CELLS 

By  T.  SHIXOMIYA 

In  various  photometric  measurements  the  photo-electric  cell 
proves  to  be  a  simple,  reliable,  and  accurate  instrument.  It  has 
been  shown  in  a  previous  paper  by  J.  Kunz  that  cells  can  be  con- 
structed in  which  for  a  constant  potential-difference  the  photo- 
electric current  is  proportional  to  the  intensity  of  light  over  a  wide 
interval  of  illumination.  P.  Guthnick  and  R.  Prager.'  Elster  and 
Geitel,  Pohl  and  Pringsheim,  have  already  studied  the  color- 
sensitiveness  of  photo-electric  cells  throughout  the  spectrum.  The 
curves  given  by  Guthnick  and  Prager  contain,  however,  only  a  few 
points,  which  hardly  sufi&ce  to  determine  the  maximum  sensitiveness 
and  the  nature  of  the  curve  with  much  accuracy.  Moreover,  the 
question  arises  as  to  how  the  colloidal  modification  of  the  alkali 
hydrides  affects  the  color-sensitiveness.  The  following  report  con- 
tains the  first  measurements  made  in  the  Physical  Laboratory  of 
the  University  of  Ilhnois.     In  Table  I  the  dimensions  of  the  cells 


TABLE  I 

K 

1         Diameter  of 
Bulbs 

Diameter  of 
.\node  Rings 

K 

K-H  Xo.  1 

K-H  No.  2 

K-H  Xo.  3 

Xa 

Xa-H 

Rb 

Rb-H 

.  .  1               4 . 2  cm 

5-7 
5.0 
6.0 

..j             4.1 
■  ■i             41 

•  ■!          41 
4.1 

2.2  cm 
3-3 

2-3 
2-7 

2.2 
2.2 
2.2 
2.2 

K-H  Pyrex  glass.  .  . 

..!                3.1 

1-3 

are  given.  The  anode  rings  had  a  cross  of  very  fine  platinum  wire, 
so  as  to  make  the  electrostatic  field  between  the  sensitive  alkali 
surface  and  the  anode  as  uniform  as  possible.  The  beam  of  fight 
was  allowed  to  enter  the  photo-electric   cell   through   a   narrow 

'  V erofentlichimgen  der  Steniwarte  zu  Berlin-Babelsberg,  i,  i,  1914. 
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opening,  the  rest  of  the  inner  surface  of  the  bulb  being  coated 
with  alkali  metal. 

The  source  of  light  was  a  15-ampere  nitrogen-filled  tungsten 
lamp  made  by  the  General  Electric  Company.  The  light  was  con- 
densed on  a  slit  of  width  o .  7  mm  by  a  system  of  condensing  lenses. 
By  another  lens  the  image  of  the  slit  was  thrown  on  a  screen  and  a 
prism  placed  in  this  beam  of  light.  The  position  of  minimum 
deviation  was  chosen  for  the  green-blue  light.  A  pretty  pure 
spectrum  was  obtained,  and  all  reflected  and  stray  light  was 
eliminated  by  five  diaphragms  placed  in  suitable  positions.  The 
whole  optical  system  was  contained  in  a  box  of  thin  board  blackened 
inside.  A  table,  carrying  a  slit  5",  the  thermo-couple,  and  the  box 
with  the  photo-electric  cell  could  be  moved  by  means  of  a  fine 
screw  along  a  scale  M  rigidly  attached  to  a  pier.  In  this  way  the 
slit  was  brought  to  any  desired  position  of  the  spectrum  and  allowed 
the  monochromatic  beam  of  light  to  fall  either  on  the  thermo- 
couple or  on  the  photo-electric  cell.  The  scale  was  read  outside 
the  closed  frame. 

The  scale  M  was  calibrated  in  terms  of  wave-length  by  a  Hilger 
spectrometer.  The  incident  light  was  not  absolutely  monochro- 
matic. A  mean  wave-length  was  used.  As  the  sensitiveness  of 
the  photo-electric  cell  changes  in  a  continuous  way  through  the 
spectrum,  this  small  deviation  from  the  ideal  condition  has  little 
effect  on  the  final  curve. 

The  energy  of  the  hght  passing  through  the  sht  5  was  measured 
by  means  of  a  thermo-couple  furnished  by  W.  W.  Coblentz  from 
the  Bureau  of  Standards.  The  slit  of  the  thermopile  was  a  little 
narrower  than  the  slit  S,  so  that  the  former  was  always  covered  by 
light.  The  thermo-electric  current  was  measured  with  a  high- 
sensitive  moving-coil  galvanometer  (figure  of  merit  2.7  •  io~'). 
The  galvanometer  and  the  wires  connecting  it  with  the  thermo- 
couple were  completely  covered  with  thick  boards  of  wood  in  order 
to  keep  the  temperature  constant  and  to  prevent  air  currents.  The 
galvanometer  deflections  were  quite  steady  and  could  be  repeated 
with  ease. 

The  thermo-couple  was  calibrated  by  means  of  the  light  from  a 
Hefner  lamp.     The  lamp  was  placed  at  a  distance  of  50 .  i  cm  from 
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the  slit.  The  corresponding  deflection  was  154.6mm.  The 
energy  radiated  from  a  Hefner  lamp^  was  taken  as  8 . 3  ergs  per 
second  per  square  centimeter  at  a  distance  of  i  meter.  At  50 .  i  cm 
it  is  about  t^;^  ergs.  This  flow  of  energy  produced  a  deflection  of 
154.6  mm.  Therefore  the  deflection  of  i  mm  corresponds  to  the 
flow  of  energy  of  0.214  ergs  per  second  per  square  centimeter. 
The  area  of  the  sHt  5  admitting  the  Hght  to  the  photo-electric  cell 
was  0.272  cm  and  the  energy  passing  through  that  slit  per  i  mm 
deflection  of  the  thermo-couple  galvanometer  was  0.214  '  0.272  = 
0.0581  ergs. 

The  galvanometer,  which  measured  the  photo-current,  had  480 
ohms  internal  resistance,  a  critical  damping  resistance  of  9600  ohms, 
and  a  sensitiveness  of  4 .  io~'°  amperes  for  a  scale  distance  of  1.25 
meters.  To  safeguard  against  short  circuit  a  resistance  of  100,000 
ohms  was  inserted  in  the  photo-electric  circuit.  A  shutter  in  front 
of  the  photo-electric  cell  was  opened  and  closed  by  the  observer  at 
his  observing  position  by  means  of  pulleys  and  strings. 

At  first  the  characteristic  curve  of  each  cell  was  determined. 
The  source  of  light  was  of  course  kept  as  constant  as  possible.  A 
small  dexiation  from  the  constant  15  amperes  made  itself  felt 
readily  in  the  galvanometer  deflection.  These  deflections  were, 
however,  quite  steady  and  could  easily  be  repeated  as  long  as  the 
source  of  light  was  constant. 

The  characteristic  curves  are  shown  in  Fig.  i,  in  which  the 
abscissae  represent  voltages,  the  ordinates  currents.  K-H  No.  i 
and  Rb-H  appear  more  sensitive  than  the  alkali  metals  K  and  Rb 
respectively;  on  the  other  hand,  Na-H  and  K-H  No.  2  and  K-H 
No.  3  are  less  sensitive  for  higher  voltages  than  the  pure  metals. 
All  cells  of  course  contained  argon.  K-H  No.  3  was  the  cell  which 
J.  Stebbins  and  J.  Kunz  used  in  the  photometry  of  the  corona  at 
the  solar  eclipse  of  June  8,  1918. 

The  characteristic  curve  having  been  determined,  a  constant 
potential-difference  was  chosen  lying  on  the  horizontal  branch  of 
that  curve.  This  potential-difference  and  the  heating  current  of 
the  source  of  light  were  kept  very  constant  during  the  time  in 
which  the  final  readings  for  the  sensitiveness  of  a  given  cell  through 

'  E.  L.  Nichols,  Physical  Review,  21,  169,  1905. 
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the  spectrum  were  taken.  The  photo-electric  cell  with  the  slit 
was  moved  first  in  one  direction,  then  in  the  opposite  direction, 
through  the  spectrum.  For  the  same  position  the  deflection  of  the 
galvanometer  was  the  same. 

A  photo-electric  cell  of  a  pyrex  glass  tube  was  constructed.     The 
deflections  even  for  a  small  potential-dift'erence  were  very  variable, 
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and  it  was  impossible  to  get  a  curve  for  its  sensitiveness.  The  other 
cells,  however,  were  constant.  Only  when  the  potcntial-dift'erence 
approached  the  critical  value  did  the  deflections  become  a  little 
unstable. 

Table  II  contains  the  readings  of  the  scale  J/,  the  wave-length 
in  angstroms,  the  deflections  of  the  galvanometer  measuring  the 
energy  of  the  beam  of  light,  and  the  photo-electric  currents  as 
galvanometer  deflections.     The  numbers  below  the  alkali  indicate 
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the  potential-difference  applied  to  the  cell  when  the  readings  were 
taken.  A  deflection  of  102  mm  of  the  photo-electric  galvanometer 
means  a  current  of  102.4  *  io~'°  =  4.o8  •  io~^  amperes.  The  cor- 
responding deflection  in  the  thermo-couple  circuit  was  6.8  mm,  i.e., 

TABLE  II 


Scale 
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TABLE  III 
ilAxiiiuii  Sensitiveness  of  8  Cells 


Cell                                K-H  No.  I 

^K-H 
No.  2 

K-H           1^ 

No.  3         *" 

Na 

Na-H         Rb 

Rb-H 

Potential-difiference 

129 

446 

9.310-8 

153 

449 

12.4 

160         149 
448        437 
8.3  !     3-3 

142 

439 
II. 7 

I6S 
430 

4-7 

140 
478 
2.6 

118 

Wave-length  nn 

468 

Max.  photo-sensitiveness .... 

2.4 

io8 
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the  energy  incident  on  the  photo-electric  cell  per  second  was 
0.058  •  6.8=0.394  ergs;  hence  one  erg  of  light  of  wave-length 
464 /Xju  produces  a  current  of  1.22  •  lo"''  amperes.  For  the  same 
cell,  K-H  No.  2,  the  maximum  sensitiveness  is  found  at  449  Ju^l 
and  is  1.24  •  io~'  amperes  per  erg.-  In  this  way  the  numbers  of 
Table  II  were  used  for  each  cell  and  the  system  of  curves  was 
obtained  as  shown  in  Fig.  2,  in  which  the  abscissae  represent 
wave-lengths  in  /i/x,  and  the  ordinates  multiplied  by  6 . 9  •  io~'°  give 
the  currents  in  ampere  per  erg. 
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Sensitii^eness  for  K-H  No./ &  K-H  No  2 
Fig.  2 


Pohl  and  Pringsheim,  who  measured  the  sensitiveness  of  sodium 
cells,  give  2.10"'^  amperes  per  "Lichteinheit"  for  .a  wave-length 
of  436  n\i.  We  compared  also  the  measurements  of  Elster  and 
Geitel  with  our  own  results;  with  a  few  exceptions  there  is  good 
agreement  in  the  nature  of  the  curves. 

SUMMARY 

Eight  cells  of  potassium,  sodium,  and  rul^idium  were  examined. 
The  maximum  sensitiveness  is  of  the  order  of  magnitude  of  io~' 
ampere  per  erg  by  using  rather  low  potential-differences.  By  an 
increase  of  the  voltage  much  higher  values  can  be  obtained,  but 
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the  deflections  become  less  stable.  Three  potassium-hydrogen  cells 
have  about  the  same  sensitiveness  at  the  same  wave-length.  This 
maximum  appears  to  be  shifted  toward  longer  wave-lengths  with 
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respect  to  the  maximum  of  pure  potassium.  Moreover,  tlie 
sensitiveness-curve  of  K-H  is  more  pronounced  than  that  of  pure 
K,  which  is  flatter.  On  the  contrary,  the  H  compounds  of  Xa  and 
Rb  shifted  the  maximum  toward  shorter  wave-lengths  as  compared 
with  the  pure  metals,  and  the  sensitiveness-curves  of  the  alloys 
are  flatter  than  those  of  the  metals  themselves.  This  strange 
difference  in  the  properties  of  K,  on  one  hand,  and  Xa  and  Rb,  on 
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the  other,  requires  a  continued  study  of  a  larger  number  of  cells. 

This  study  will  also  include  lithium  and  caesium  and  will   be 

extended  in  the  ultra-\'iolet  region.     It  would  be  interesting  to 

know  whether  the  hydrogen  affects  the  limit  for  long  wave-length 

of  the  photo-electric  effect  of  alkaU   metals.     For   comparative 

photometry  the  color-sensitiveness  of  the  photo-electric  cell,   of 

the  j)hotographic  plate,  and  of  the  human  eye  is  required. 
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STUDIES  BASED  ON  THE  COLORS  AND  :\IAGNITUDES 
IN  STELLAR  CLUSTERS 

TWELFTH  PAPER:   REMARKS  ON  THE  ARR.\NGEMENT  OF  THE 
SIDERE.\L  UNIVERSE^ 

By  HARLOW  SHAPLEY 
I.      THE    GENERAL   GALACTIC   SYSTEM 

I .  Introduction. — A  fairly  definite  conception  of  the  arrangement 
of  the  sidereal  system  evolves  naturally  from  the  observational 
work  discussed  in  the  preceding  Contributions.  We  find,  in  short, 
that  globular  clusters,  though  extensive  and  massive  structures, 
are  but  subordinate  items  in  the  immensely  greater  organization 
which  is  dimly  outlined  by  their  positions.  From  the  new  point  of 
view  our  galactic  universe  appears  as  a  single,  enormous,  all- 
comprehending  unit,  the  extent  and  form  of  which  seem  to  be 
indicated  through  the  dimensions  of  the  widely  extended  assemblage 
of  globular  clusters.  The  fundamental  nature  of  the  galactic  plane, 
in  the  dynamical  structure  of  all  that  we  now  recognize  as  the 
sidereal  universe,  is  manifested  by  the  distribution  of  clusters  in 
space.  Near  this  plane  lie  the  celestial  objects  that  we  customarily 
study.  The  open  clusters,  the  diffused  and  planetary  nebulae,  the 
naked-eye  stars,  most  variables,  the  objects  that  define  and  com- 
pose the  star  streams — all  of  these  appear  to  be  far,  within  a  rela- 
tively narrow  equatorial  region  of  the  greater  galactic  system,  a 
region  in  which  globular  clusters  are  not  found.  The  Orion  nebula 
and  even  the  ]\lagellanic  clouds  are  miniature  organizations  in  this 
general  scheme,  and  undoubtedly  are  dependents  of  the  Galaxy^ 

The  adoption  of  such  an  arrangement  of  sidereal  objects  leaves 
us  with  no  evidence  of  a  plurality  of  stellar  "universes."  Even 
the  remotest  of  recorded  globular  clusters  do  not  seem  to  be  inde- 
pendent organizations.  The  h}^othesis  that  spiral  nebulae  are 
separate  galactic  systems  now  meets  with  further  difiiculties.  So 
long  as  the  high  velocities  of  nebulae  were  unapproached  by  the 

^  Contributions  from  the  Mount  Wilson  Solar  Observatory,  Xo.  157. 
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motions  of  other  objects  and  the  maximum  luminosity  attainable 
by  stars  was  beyond  estimate,  and  so  long  as  the  diameter  of  the 
galactic  system  was  thought  to  be  only  a  thousand  light-years  or  so, 
we  had  a  fairly  plausible  case  for  the  ''island  universe"  hypothesis. 
But  now  we  must  consider  radial  velocities  of  several  hundred  kilo- 
meters a  second  as  quite  possible  for  objects  in  our  own  system ;  we 
must  assume  a  moderate  upper  hmit  of  luminosity,  perhaps  even 
for  the  most  massive  of  novae;  and  any  external  "universe''  must 
now  be  compared  with  a  galactic  system  probably  more  than  three 
hundred  thousand  light-years  in  diameter.  As  seen  from  the 
center  of  the  galactic  system,  globular  clusters  would  be  distributed 
in  the  sky  much  as  the  spirals  are  when  observed  from  the  earth. 

It  is  probable  that  the  further  accumulation  of  observations  will 
modif}-  to  some  extent  the  views  outlined  above  and  discussed  more 
fully  in  the  following  pages.  The  present  data  may  in  some  cases 
be  susceptible  of  alternative  interpretation,  or  possibly  the  con- 
clusions may  be  questioned  in  the  beUef  that  the  material  is  insuffi- 
cient. But  the  greater  part  of  the  hypothesis  proposed  is  merely 
the  most  direct  and  simple  reading  of  recent  observations. 

2.  Outline  of  interpretation. — The  suggested  plan  of  the  galactic 
system  may  be  concretely  formulated  through  the  following  series 
of  propositions;  some  of  them  are  later  amplified  in  so  far  as  seems 
necessary;  for  others  the  discussion  of  preceding  contributions  will 
suffice.  A  few  of  the  statements  are  obvious  corollaries,  while 
those  designated  B  and  F,  in  some  of  their  details,  may  be  less  easy 
to  maintain.  Taken  altogether  they  attempt  to  estabHsh  a  general 
idea  of  the  arrangement,  extent,  and  constituency  of  the  system  of 
stars  and  nebulae. 

A.  The  globular  clusters  are  a  part  of  the  galactic  system  and 
knowledge  of  their  distances  seems  at  present  to  aflford  the  best 
way  to  fathom  the  system. 

B.  The  system  of  globular  clusters,  which  is  coincident  in 
general,  if  not  in  detail,  with  the  sidereal  arrangement  as  a  whole, 
appears  to  be  somewhat  ellipsoidal.  The  longest  axis  of  the 
ellipsoid  lies  in  the  galactic  plane  and  passes  the  sun  at  a  distance 
of  api^roximately  three  thousand  parsecs.      Its  nearest  point  is  in 
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galactic  longitude  240°,  nearly  coincident  with  the  direction  of  the 
center  assigned  to  the  local  system  of  stars.     See  F  and  Fig.  i. 

C.  The  center  of  the  sidereal  system  is  distant  from  the  earth 
some  twenty  thousand  parsecs  in  the  direction  of.  the  constellation 
Sagittarius;  it  Hes  in  the  galactic  plane,  which  dynamically  and 
statistically  appears  to  be  the  symmetrical  plane  of  the  entire 
sidereal  universe  as  now  known.  As  seen  from  the  sun  the  thinnest 
part  of  the  Milky  Way  lies  in  Gemini,  Taurus,  and  Auriga — a 
region  rich  in  bright  open  clusters  close  to  the  galactic  plane. 

D.  The  axes  of  the  system  in  the  galactic  plane  and  per- 
pendicular to  it  may  not  differ  greatly;  but  the  gravitationally 
important  equatorial  segment,  which  apparently  contains  most  of 
the  stars,  is  at  least  thirty  times  as  extended  in  the  plane  as  at  right 
angles  thereto. 

E.  The  equatorial  region  appears  to  be  uninhabitable  by  com- 
pact systems,  such  as  globular  clusters,  notwithstanding  the  greater 
abundance  there  of  stellar  material. 

F.  The  stars  in  the  neighborhood  of  the  sun  (practically  all  that 
go  into  our  catalogues  of  spectrum,  position,  and  motion)  appear 
to  compose  (i)  a  large,  open,  mo\'ing  subordinate  group,  and  (2)  a 
part  of  the  surrounding  and  interpenetrating  star  fields  of  the 
equatorial  segment  of  the  greater  galactic  system.  The  center 
of  the  local  system  is  in  the  direction  of  the  constellation  Carina, 
nearly  at  right  angles  to  the  direction  of  the  center  of  the  general 
galactic  system,  but  less  than  one  two-hundred ths  as  far  away. 
The  plane  of  symmetry  and  condensation  of  the  local  cluster  is 
inchned  to  the  galactic  plane  about  12°;  the  center  of  the  cluster 
is  north  of  the  galactic  plane,  and  the  sun  is  north  of  both 
planes. 

G.  The  volume  of  space  occupied  by  stars  brighter  than  the 
sixth  apparent  magnitude,  some  of  which,  being  absolutely  very 
bright,  are  extremely  distant  as  compared  with  the  majority  of 
naked-eye  stars,  is  at  most  only  a  hundred-thousandth  of  the  volume 
occupied  by  the  other  parts  of  the  galactic  system. 

3.  Relation  of  present  interpretation  to  earlier  hypotheses. — In 
order  to  show  where  the  earlier  working  hypotheses  stand  with 
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respect  to  the  interpretation  now  offered,  it  may  be  of  interest  to 
note  the  development,  during  the  course  of  this  work  on  clusters 
and  variable  stars,  of  the  ideas  concerning  the  relation  of  globular 
clusters  to  the  galactic  organization.  Until  the  last  year  or  so  most 
students  of  stellar  problems  beheved  rather  vaguely  that  the  sun 
was  not  far  from  the  center  of  the  universe,  and  that  the  radius  of 
the  galactic  system  was  of  the  order  of  looo  parsecs.  From  the 
earher  observational  data  SeeHger  and  Xewcomb  derived  a  fairly 
central  position  for  the  sun.  Hertzsprung'  in  1906  estimated  the 
"Dimensionen''  of  the  visible  Milky  Way  system  to  be  of  the  order 
of  2000  parsecs,  and  some  years  later  Walkey.-  from  consideration 
of  extensive  distributional  data,  estimated  a  distance  of  about  sev- 
enteen hundred  parsecs  for  the  galactic  main  stream.  In  19 14, 
referring  to  the  apparently  lens-shaped  sidereal  system,  Eddington^ 
wrote.  "  There  is  little  evidence  as  to  the  sun's  position  with  respect 
to  the  perimeter  of  the  lens;  all  that  we  can  say  is  that  it  is  not 
markedly  eccentric ' ' ;  and  the  diameter  of  the  whole  system  (possibly 
excluding  the  peripheral  ring  of  galactic  clouds)  was  placed  at  some 
two  or  three  thousand  parsecs,  with  emphasis  on  the  uncertainty. 
For  a  later  computation  Eddington^  assumed  the  distance  of  the 
Milky  Wa}'  to  be  2000  parsecs. 

The  work  on  the  hypothetical  parallaxes  of  Cepheids  and 
0-type  stars  by  Hertzsprung,  and  of  eclipsing  binaries  and  Cepheids 
by  Professor  Russell  and  the  writer,  began  to  give  concrete  numeri- 
cal expression  to  the  distances  of  remote  galactic  objects,  and  in 
1914  we  have  the  statement i^  "Our  'universe'  of  stars  must  be 
some  thousands  of  light-years  in  diameter,"  but  the  computed  radius 
of  2500  parsecs  was  reduced  to  1200  by  allowing  for  a  presumably 
reasonable  and  necessary  scattering  of  light  in  space.  The  neces- 
sity for  such  a  correction  seems  now  definitely  to  have  \anished, 
but  the  general  conception  of  the  size  of  the  stellar  system  has  not 

^  Zeitschrifl  fiir  wissenschaflliche  Pholographic,  5,  106,  lyo;. 

'  MonMy  Notices,  74,  655,  1914. 

J  Stellar  Movements  and  the  Structure  of  the  Universe  (London,  1914),  p.  32. 

*  Ibid.,  p.  261. 

i  Russell  and  Shapley,  Astrophysical  Journal,  40,  434,  1914. 
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materially  changed.  In  his  valuable  memoir'  on  the  B-type  stars 
Charlier  states: 

The  luminosity  of  these  stars  is,  indeed,  so  great  that  a  star  of  this  type, 
situated — as  far  as  can  be  concluded — at  the  limits  of  our  stellar  universe,  is 
scarcely  fainter  than  the  eighth  magnitude.  We  are  thus  in  the  position  to  get, 
with  the  help  of  the  B  stars,  what  might  appropriately  be  called  a  skeleton 
image  of  the  Milky  Way. 

Only  one  star  out  of  the  800  in  Charlier 's  Kst  is  more  distant  from 
the  sun  than  800  parsecs,  and  a  heHocentric  sphere  of  500  parsecs 
radius  contains  95  per  cent  of  the  total  number.  Again,  Charlier 
states  that  "the  center  of  this  cluster  [of  B-type  stars],  which  may  be 
assumed  to  coincide  with  the  center  of  our  stellar  universe,  is 
situated  ....  in  the  Constellation  Carina"  at  a  distance  of  88 
parsecs.^ 

In  view  of  these  prevaihng  beliefs,  the  working  hypothesis  that 
a  globular  cluster  is  a  wholly  distinct  stellar  system  was  quite 
appropriate  when  in  19 15  it  was  found  that  the  Hercules  cluster 
(Messier  13)  is  possibly  several  hundred  parsecs  in  diameter.  It 
appeared  then  that  the  galactic  system  might  be  a  large  but  sub- 
ordinate unit,  eccentrically  situated  with  respect  to  the  greater 
aggregation  of  globular  clusters.  The  great  distances  of  the  clusters, 
the  similarity  of  their  stars,  in  many  properties,  to  those  of  the 
Galaxy,  and  finally  the  discovery  of  galactic  planes  in  a  number  of 
them,  tended  to  emphasize  further  the  comparability  of  clusters 
and  our  own  surrounding  galactic  system  of  stars. 

Two  difhculties  stood  in  the  way  of  a  definite  hypothesis — the 
comparatively  high  condensation  at  the  centers  of  globular  clusters 
and  the  uncertainty  relative  to  the  constituency  and  distances  of 
open  clusters  in  the  galactic  clouds.  The  study  of  ]\Iessier  11 
and  of  the  dense  star  clouds  in  its  neighborhood  revealed  the 
presence  of  faint  blue  stars — objects  which,  unless  abnormal  in 
size,  must  be  quite  similar  in  absolute  magnitude  to  members  of 
Charlier's  cluster  of  B-type  stars,  but  at  least  twenty  times  as 
distant  as  the  limits  of  his  group. 

'  Meddelanden  frdii  Liinds  Astroiwmiska  Obscrvatoriiim,  Series  2,  Xo.  14,  p.  103, 
1916. 

^  Ibid.,  p.  104 
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Evidence  was  also  found  that  the  ]Milky  Way  clouds  near 
Messier  1 1  were  greatly  extended  in  the  line  of  sight.  For  a  number 
of  other  parts  of  the  ]\lilky  Way  the  study  of  stars  in  clusters  and 
clouds  indicated  analogous  conditions,  and  the  conviction  grew 
that  the  galactic  system  had  an  extent  of  at  least  15,000  parsecs 
along  its  plane.  This  left  Httle  occasion  for  the  direct  comparison 
with  globular  clusters,  the  diameters  of  which  were  found  by 
further  study  to  be  of  the  order  of  150  parsecs.  As  a  consequence, 
their  relation  to  the  general  system  was  quite  uncertain  until  the 
present  determination  of  parallaxes  and  the  discussion  of  the  dis- 
tribution in  space  indicated  the  position  of  globular  clusters  in 
the  arrangement  of  sidereal  objects  and  suggested  that  the  actual 
diameter  of  the  galactic  system  is  of  the  order  of  100,000  parsecs. 

4.  TJie  plane  of  symmetry  and  the  equatorial  segment. — In  the 
figures  and  discussion  of  the  seventh  paper  of  this  series  the  depend- 
ence of  globular  clusters  upon  a  larger  symmetrical  organization  is 
definitely  shown.  Apparently  there  is  no  occasion  to  doubt  the 
identity  of  the  plane  of  symmetry  in  this  system  of  globular  clusters 
with  the  galactic  plane  defined  by  stellar  condensation  and  the 
Milky  Way.  An  agreement  within  a  degree  or  two  of  the  poles  of 
two  distinct  and  unrelated  planes  is  far  too  unhkely  for  considera- 
tion. Further,  we  now  know  that  in  distance  along  the  plane 
many  of  the  globular  clusters  are  nearer  to  us  than  stars  in  the 
open  galactic  clusters;  and  also  we  note  that  the  distribution  of 
Cepheid  variables,  as  shown  in  Fig.  3  of  the  eighth  paper,  bridges 
the  gap  between  the  distant  ]\lilky  Way  clouds  and  the  local 
system  of  stars. 

That  the  equatorial  segment  is  populated  by  stars  throughout 
its  whole  extent  seems  very  probable;  both  the  arrangement  of  the 
clusters  and  the  appearance  of  the  Milky  Way  agglomerations 
support  this  view.  But,  owing  to  the  evidence  of  rifts  and  divisions 
in  the  galactic  clouds,  it  is  impossible  to  suppose  uniform  stellar 
distribution  or  even  to  assyme  that  the  stars  everywhere  are  con- 
centrated progressively  toward  the  medial  plane.  Stars  of  the 
galactic  branch  in  Ophiuchus  do  not  necessarily  lie  farther  from 
the  plane  than  the  semi-width  of  the  equatorial  segment,  for  to  be 
outside  this  region  devoid  of  globular  clusters  the  parallax  of  the 
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stars  in  the  cloud  must  be  less  than  o''oooi.  Globular  clusters 
that  appear  involved  in  the  edges  of  the  star  clouds  are  almost  with- 
out exception  small  and  faint,  and  because  of  their  greater  radial 
distances  are  therefore  clear  of  the  equatorial  region  that  contains 
the  majority  of  known  sidereal  objects. 

5.  The  Milky  Way  and  its  asymmetry;  regions  of  maximum  star 
density. — According  to  the  present  view  of  the  galactic  system 
the  phenomenon  of  the  Milky  Way  is  largely  an  optical  one. 
Although  the  existence  of  local  and  occasionally  very  extensive 
condensations  of  Milky  Way  stars  is  not  denied,  the  conception  of 
a  narrow  encircling  ring  is  abandoned.  The  Milky  Wa\'  girdle 
is  chiefly  a  matter  of  star  depth,  and  its  long  recognized  weakness 
between  longitudes  90°  and  180°  is  now  taken  to  be  a  reflection  of 
the  eccentric  position  of  the  sun. 

On  the  basis  of  the  third  and  fourth  diagrams  of  the  seventh 
paper  we  estimate  provisionally  that  the  Hmit  of  the  Galaxy 
is  three  times  greater  in  longitude  325°  than  in  the  opposite  direc- 
tion. This  does  not  require  an  impossible  difference  of  stellar 
density  in  the  two  directions,  even  if  there  is  a  considerable  con- 
densation toward  the  center.  A  star  of  a  given  absolute  luminosity 
situated  in  the  galactic  plane  would  appear  less  than  two  and  a  half 
magnitudes  fainter  at  the  boundary  of  the  system  beyond  the 
center  than  at  the  opposite  point,  which  is  nearest  the  sun.  The 
remarkable  one-sidedness  of  the  Milky  Way  has  been  little  con- 
sidered heretofore  in  works  on  stellar  distribution.  Nort.'  in  study- 
ing the  Harvard  map,  has  made  an  important  beginning  by  showing 
that  the  star  density  is  four  or  five  times  greater  in  the  direction  of 
the  southern  star  clouds  than  in  some  of  the  shallower  galactic 
regions  of  the  north. 

.  The  surpassing  stellar  density  in  the  direction  now  assigned 
to  the  center  of  the  galactic  system  is  particularly  remarked  by 
Chapman  and  Melotte^  in  their  study  of  the  Franklin- Adams 
plates.     They  state  that  one  plate  with  center  in  a  =  iS*",  5=  —30° 

covers  the  Sagittarius  region  of  the  Southern  Milky  Way,  and  the  star  clouds 
on  limited  portions  of  it  are  so  thick  that  in  the  case  of  twelve  out  of  the 

'  Recherches  Aslronomique  de  VOhservatoire  d'Ulrecht,  8,  113,  1917. 
^Memoirs  of  the  Royal  Astronomical  Society,  60,  Part  IV,  p.  168,  1915. 
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twenty-five  areas  counted  on  it,  it  was  found  impossible  to  count  every  star 
shown;  the  images  of  the  faintest  stars  in  these  regions  merged  into  one 
another  forming  a  continuous  gray  background.  On  every  other  plate  of  the 
Franklin-Adams  series  even  the  faintest  star  images  shown  were  separate  and 
distinct,  and  the  counts  included  all  stars  visible.  The  extreme  richness  of 
the  Sagittarius  region  may  be  judged  of,'  then,  when  it  is  noticed  that  the 
incomplete  counts  on  it  show  far  more  stars  than  are  found  in  any  other  part 
of  the  :Milky  Way. 

The  fathoming  of  the  sidereal  universe  need  not  long  depend  on 
globular  clusters  alone.  If  the  nearest  part  of  its  boundary  in  the 
general  direction  of  Auriga  and  Gemini  is  not  more  distant  than 
30,000  parsecs,  no  stars  in  that  locality  with  absolute  magnitude 
of  zero  or  brighter  will  be  fainter  than  the  apparent  magnitude 
17.5.  B-type  stars  will  therefore  contribute  in  future  measurement 
of  the  extent  of  the  system ;  and  the  Cepheid  variables  fainter  than 
the  fourteenth  magnitude  will  in  time  be  fully  as  valuable  as  the 
globular  clusters  in  outlining  the  diameter  and  contour  of  the 
equatorial  segment.  As  a  ready  qualitative  check  of  the  direction 
and  distance  of  the  center,  the  blue  stars  in  the  Milky  Way  should 
persist  to  a  fainter  magnitude  in  the  southern  sky  than  in  the 
direction  of  the  anti-center. 

The  possibly  ellipsoidal  form  of  the  system  of  globular  clusters 
is  indicated  in  Fig.  i,  which  gives  a  projection  on  the  galactic 
plane  of  the  60  clusters  for  which  i?  sin  j3<  15,000  parsecs.  If  the 
elongation  be  accepted  as  a  real  characteristic  of  the  stars  also,  it 
is  evident  that  the  apparently  densest  star  regions,  depending  on  the 
faintness  of  the  stars  involved  in  the  estimate,  may  lie  in  a  longitude 
differing  considerably  from  that  of  the  center.  The  general 
direction  of  the  galactic  center  is  clearly  toward  the  dense  star 
clouds  of  Sagittarius  and  Scorpio;  but  the  adopted  galactic  longi- 
tude, 325°,  and  the  corresponding  equatorial  co-ordinates  of  tiie 
center.  a=  ly'o,  5=  —30°,  are  necessarily  appro>dmate. 

The  statistical  center  derived  by  Charhcr'  from  B-type  stars 
is  in  Carina,  in  longitude  236°,  a  result  referring  entirely  to  the  local 
group  (within  500  parsecs  of  the  sun)  and  not  influenced  by  the 
arrangement  of  the  general  system.     Stromberg,^  from  bright  stars 

'  Mcdddandcn  frdn  Lnnds  Astronomiska  Ohsenalorium,  Series  2,  No.  14,  1916. 
*  Astro  physical  J  our  II  til,  47,  33,  1918. 
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of  the  redder  spectral  t}pes,  finds  the  dynamical  center  in  longitude 
257°.  Nort/  using  stars  to  the  eleventh  magnitude  on  the  Harvard 
map  of  the  sky,  gets  farther  outside  the  bounds  of  the  local  cluster 
and  obtains  a  maximum  stellar  density  in  the  IMilky  \Va\'  between 
longitudes  280°  and  290°;  he  finds  a  density  but  one-fifth  as  great 
in   longitude    120°,   the   direction   of   the   anti-center.     Chapman 
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Fig.  I. — The  system  of  globular  clusters  projected  on  the  plane  of  the  Galaxy. 
The  galactic  longitude  is  indicated  for  ever>'  30°.  The  "local  system"  is  completely 
within  the  smallest  circle,  which  has  a  radius  of  1000  parsecs.  The  larger  circles,  which 
are  also  heliocentric,  have  radii  increasing  by  intervals  of  10,000  parsecs.  The  dotted 
line  indicates  the  suggested  major  axis  of  the  system,  and  the  cross  the  adopted  center. 
The  dots  are  about  five  times  the  actual  diameters  of  the  clusters  on  this  scale.  Xine 
clusters  more  distant  from  the  plane  than  15,000  parsecs  are  not  included  in  the 
diagram. 


and  Melotte,^  working  to  the  still  fainter  limit  of  the  Franklin- 
Adams  plates,  find  in  the  clouds  of  Sagittarius  the  only  region  too 
dense  for  counting. 

This  progressive  increase  of  the  longitude  of  maximum  star 
density  from  236°  to  325°  (with  the  increasing  predominance  of  the 
general  system  over  the  local  group),  and  the  appearance  to  be 
expected  of  the  star  clouds  in  the  directions  of  the  two  centers,  are 


'Op.  cit. 


Ibid. 
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both  in  striking  agreement  with  Gould's  observations  of  the  bright- 
ness of  the  ]Milky  Way:' 

Its  brightest  portion  is  unquestionably  in  Sagittarius  [the  galactic  center]; 
that  in  Carina  [the  local  center]  being  slightly  inferior  to  this  as  regards  intrinsic 
brilliancy,  although  far  more  magnificent  and  impressive  on  account  of  the 
great  number  of  bright  stars  with  which  it  is  there  spangled. 

6.  Absence  of  clusters  from  the  equatorial  segment  and  its  dynami- 
cal significance. — In  an  earlier  paper  we  have  remarked  that  the 
absence  of  globular  clusters  from  the  mid-galactic  region  is  revealed 
by  the  galactic  latitudes  as  well  as  by  the  distances  from  the  plane. 
For  the  latitudes,  however,  the  wide  avoidance  of  that  region  is  not 
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Fig.  2. — Frequency  of  galactic  latitudes,  illustrating  the  mid-galactic  region 
devoid  of  globular  clusters. 

so  evident,  because  of  the  apparent  nearness  to  the  plane  of  some 
very  remote  systems.  The  relative  frequency  of  galactic  lati- 
tudes, plotted  in  Fig.  2,  shows  an  equatorial  belt  10°  in  width,  which 
is  as  yet  completely  empty  of  known  globular  clusters. 

It  is  clear  from  the  figure  that  any  reasonable  change  in  the 
adopted  position  of  the  galactic  pole  would  neither  eliminate  the 
segment  nor  modify  its  coincidence  with  the  mid-galactic  stellar 
region.  It  also  appears  that  the  region  cannot  be  explained 
away  by  supposing  the  data  incomplete  through  either  the  failure 
to  record  visible  globular  clusters  or  the  obstruction  of  light  in 
the  equatorial  segment.  In  support  of  this  statement  it  will 
suffice  to  point  out  that  already  at  a  distance  of  12,500  parsecs  from 
the  sun  the  absence  of  clusters  is  more  than  chance.  Then,  first, 
the  suggestion  that  clusters  have  been  overlooked  is  absurd,  for 

'  Vriinomclr'ui  Argentina,  p.  370,  1879. 
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some  of  the  stars  in  globular  systems  at  that  distance  would  be 
photographically  brighter  than  the  fourteenth  magnitude.  That  is, 
the  overlooked  clusters  would  be  more  conspicuous  than  Messier  3. 
In  the  second  place,  if  general  scattering  of  Hght  is  to  account  for 
the  absence  of  clusters,  typical  stars  with  negative  color-indices 
should  not  be  found  in  the  Milky  Way  when  fainter  than  the 
fifteenth  magnitude,  for  at  the  distance  of  12,500  parsecs  m  —  M  = 
4-15.5.  But  such  objects  have  been  observed;  and,  moreover,  it 
is  highly  improbable  that  the  millions  of  Milky  Way  stars  fainter 
than  the  eighteenth  magnitude  are  all  dwarfs. 

We  have  referred  to  the  equatorial  segment  as  a  region  of 
avoidance.  Slipher's  observations  of  radial  velocities  suggest 
that  the  term  is  scarcely  appropriate,  since  seven  out  of  ten  sys- 
tems are  approaching  the  sun  (and  probably  the  galactic  region) 
with  conspicuous  velocity.'  The  segment  seems  rather  to  be  a 
region  of  attraction  and  demolition,  and  if  further  work  on  radial 
velocities  confirms  the  present  indication  of  systematically  high 
speeds  of  approach,  a  factor  of  very  great  importance  in  the  evolu- 
tion of  the  galactic  system  will  be  established. 

Table  I  contains  information  relative  to  the  ten  clusters  of 
measured  radial  velocity.  The  observed  values  in  the  third 
column  and  the  computed  quantities  based  upon  them  in  the  last 
column  are  admittedly  provisional.  The  observed  photographic 
magnitudes  in  the  fourth  column,  taken  from  Table  II  of  the 
seventh  paper,  show  that  two  of  the  largest  velocities  pertain  to  the 
faintest  and  probably  most  difficult  objects.  The  last  column 
gives  the  observed  radial  velocity,  Vp  (expressed  in  the  unit  of  100 
parsecs  per  million  years),  divided  into  the  radial  distance. 

The  present  evidence  suggests  that  globular  clusters  as  a  class 
may  be  falling  rapidly  into  the  regions  rich  in  stars.  None  of 
the  clusters  in  Table  I  is  necessarily  receding  from  the  plane,  for  the 
positive  velocity  of  Messier  5  is  far  within  the  uncertainty  of  the 
observation,  and  Messier  9  and  28  are  in  such  low  galactic  latitudes 
that  the  radial  component  is  no  test  of  the  true  direction  of  motion 
perpendicular  to  the  Milky  Way.  With  the  possible  exception  of 
Messier  5,  therefore,  all  these  clusters,  with  latitudes  high  enough 

'  Popular  Astronomy,  26,  8,  1918. 
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to  make  it  probable  that  the  radial  and  perpendicular  components 
have  the  same  sign,  are  approaching  the  galactic  plane  with  a 
speed  that  unless  rapidly  diminished  will  bring  most  of  them  to  the 
dense  stellar  regions  in  less  than  150  milhon  years  (cf.  last  column 
of  Table  I).  Such  an  interval  of  time  seems  relatively  short  in 
the  history  of  a  stellar  system,  and  hence  these  negative  velocities 
make  still  more  remarkable  the  absence  of  globular  clusters  from  the 
equatorial  segment. 

TABLE  I 
Radial  Velocities  of  GLOBtx.'tR  Clusters 


Cluster 

Radial 
Velocity 

Mean  Pg. 

Mag.  25 

Brightest 

Stars 

Galactic 

1 
Distance 
(Unit  Is 

Distance 

FROM 

R 

N.G.C. 

Messier 

Long. 
X 

Lat. 

/3 

100  Par-     Galactic    (Unit^Isa 
secs)      :     Plane     i  Million 
R         1     if  sin  ^         ve.^s) 

5024. . 
5272.. 
5904- • 
6205. . 

6333- ■ 
6341 . . 
6626.. 

6934- • 
7078.. 
7089.. 

S3 
3 
5 

13 
9 

92 

28 

IS 
2 

km 
-170 
-125 
+    10 
-300 
+  225 

—  160 

0 
-350 

—  95 

—  10 

15 
14 
13 
13 
15 
13 
14 
15 
14 
14 

07 
23 
97 
75 
61 
86 
87 
78 

31 
61 

307° 
8 

333 
26 

334 

35 

336 

20 

33 
22 

+  79° 
+  77 
+45 
+40 
+  9 
+34 

-  7 

—  20 
-29 
-37 

1 
189         +186 

139      1    +135 
121;     M-  88 

no 
no 

III 
250 
123 
185 
333 
147 
156 

+    71 
+  39 
+  69 

-  23 
-114 

-  71 

-  94 

40 

""80" 

90 

150 

1600 

7.  Possible  explanation — a  provisional  Jiypothcsis. — There  ap- 
pears to  be  no  very  obvious  or  reasonable  escape  from  the  conclusion 
that  some  clusters  at  least  are  destined  to  enter  the  mid-galactic 
region.  Revolution  around  the  whole  system  is  dynamically  im- 
probable; moreover,  the  present  distances  from  the  plane  are  small 
as  compared  with  the  mean  equatorial  diameter  of  the  cluster 
system.  With  such  great  velocities  and  masses  it  seems  incredible 
that  clusters  would  not  easil>;^pass  through  the  stratum  of  stars. 
Further  observation  may  reveal  survivors  receding  from  the  galactic 
plane,  and  we  may  be  able  to  examine  them  for  the  effects  of  the 
passage.' 

'  The  galactic  latitudes  of  the  Iiipkc  and  small  Maj^fllanic  clouds  are  2>^''  ^rid 
44°;  their  velocities  of  recession,  accordinjj  to  observations  by  Wilson  at  the  D.  O. 
Mills  Observatory,  probably  are  260  km  sec.  and  150  km/sec.  respectively.  Reason- 
able estimates  of  the  distance  (cf.  eleventh  paper)  give  70  and  130  as  corresponding 
values  of  R/Vp  in  millions  of  years. 
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There  is.  howe\er.  suggestive  though  incomplete  evidence  that 
globular  clusters  are  disrupted  upon  approaching  the  mid-galactic 
regions.  As  a  general  but  not  infalhble  rule,  the  clusters  at  moder- 
ate or  high  distances  from  the  Galaxy  are  compact ;  the  nearer  ones 
are  open.  There  is,  for  example,  the  well-known  contrast  between 
w  Centauri  and  47  Tucanae.  the  two  brightest  and  nearest  systems, 
the  former  1800  and  the  latter  4700  parsecs  from  the  plane.  Of  the 
five  systems  within  2000  parsecs  of  the  galactic  plane  four  are 
decidedly  open  for  globular  clusters  (Table  II).  The  fifth.  Messier 
62,  shows  a  structural  irregularity  that  may  be  an  indication  of 
rupture;  its  parallax,  depending  only  on  its  diameter,  is  perhaps 
inaccurate  because  of  asMnmetrv. 


TABLE  II 
Globular  Clusters  Nearest  the  Galactic  Plane 


N.G.C. 


Galactic 
Latitude 


Rsinfi 
(Parsecs) 


Remarks 


437^ 


5139- 
6266. 


6397- 
6656. 


-   9 

+  16 


—  1800 

+  1800 
+  1900 


-1300 


Large,  faint,  and  little  condensed.     "Rather 

faint  at  center." — Melotte. 
w  Centauri.     Not  strongly  condensed. 
M.    62.     Well    condensed    but    probably    the 

most    as\-mmetrical    of    globular    clusters. 

See  Bailey,  Harvard  Annals,  76,  74,  1916. 
Large  cluster  and  one  of  the  nearest.     "Stars 

rather  scattered." — Melotte. 
M.    22.     The    most    open    of    large   globular 

clusters. 


The  distribution  of  stars  in  open  galactic  clusters  is  possibly  a 
second  indication  of  the  dissipation  of  globular  clusters  in  the  Milky 
Way.  .The  diameter  of  some  open  clusters  appears  to  be  quite  com- 
parable with  that  of  globular  clusters.  Several  of  them  contain 
mainly  stars  that  are  highly  luminous  and  probably  of  great  mass. 
Counts  in  the  surrounding  star  fields  have  shown  in  certain  cases 
(Messier  67,  ^Messier  11,  h  and  x  Persei,'  the  Pleiades^)  that  the 
cluster  stars  are  sparingly  scattered  over  an  area  several  times 
greater  than  that  of  the  nucleus. 

'  Inferred  from  radial  velocity  results  b}^  .\dams  and  van  Maanen,  Astronomical 
Journal,  27,  187,  1913. 

^  Triimpler,  Popular  Astronomy,  26,  9,  1918. 
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As  a  provisional  working  hypothesis,  which  is  supported  by 
numerous  observed  conditions  and  may  be  further  tested  without 
difficulty,  it  is  suggested  that  the  obvious  dynamical  equilibrium  of 
a  globular  cluster  has  been  acquired  originally  at  a  great  distance 
from  external  perturbing  forces  and  is  an  extremely  delicate 
adjustment  that  quickly  breaks  doWn  under  stresses  such  as  those 
prevailing  in  the  galactic  region;  further,  that  faint  stars  in  globular 
clusters  are  of  small  mass  and  of  more  than  average  velocity 
(analogy  with  galactic  stars),  and  in  their  orbital  motions  fre- 
quently attain  great  distances  from  the  center.  When  the  globular 
cluster  approaches  a  disturbing  body  as  massive  as  the  general 
galactic  system,  such  stars  are  of  course  most  readily  lost  and 
intermingled  with  galactic  stars.'  On  the  other  hand,  the  massive 
cluster  stars,  which  are  mostly  of  high  luminosity,  having  low 
peculiar  velocities  and  maintaining  in  their  subsystem  a  high 
degree  of  stability,  retain  their  organization  longer  in  a  disrupting 
field  and,  except  for  rare  and  accidental  encounters  with  galactic 
stars,  undergo  as  a  single  unit  the  general  perturbations  of  the 
galactic  system.  It  appears  necessary  to  suppose  that  the  gravi- 
tational or  electrical  field  near  the  plane  of  the  Milky  Way  is  by 
itself  more  potent  in  the  acceleration  of  stellar  velocities  than  are 
near  approaches ;  otherwise  it  seems  impossible  that  through  chance 
dynamical  encounters  a  massive  globular  cluster,  highly  organized 
and  presumably  in  a  steady  state,  should  be  so  speedily  dissipated 
and  transferred  into  an  open  galactic  group. 

8.  Remarks  on  the  contraction  theory  of  stellar  evolution. — In  a 
preceding  paragraph  we  have  alluded  to  the  scale  of  time  in  the 
development  of  the  galactic  system.  An  observational  contribution 
to  this  problem,  and  more  directly  to  the  problem  of  the  speed  of 
evolution  of  spectral  type,  is  afforded  by  the  distant  clusters. 
Recent  discussion  by  Lindemann,  Joly,  Veronnet,  Eddington,  and 
Jeans,  relative  to  the  probable  age  of  the  earth  and  the  sun  from  the 
standpoint  of  the  contraction  theory,  emphasizes  the  persistent 
disagreement  between  this  theory  and  the  data  of  geology  and 
physics  in  estimating  the  interval  of  time  since  the  deposition  of 

'  A  somewh;it  similar  proljlcm  has  been  examined  analytically  by  Jeans;  in  fact, 
he  may  have  had  this  identical  hypothesis  in  mind  {Monthly  Xoliccs,  76,  560,  1916J. 
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the  earliest  sedimentary  rocks.  Lindemann  and  Jeans  have  argued 
that  allowance  for  known  radioactive  or  even  for  all  electrical  prop- 
erties of  matter  cannot  have  prolonged  the  apparent  constancy 
of  solar  radiation  sufficiently  to  meet  geological  requirements. 
Specifically,  Eddington  computes  that  the  duration  of  the  total 
giant  stage  of  a  star,  if  contraction  is  its  source  of  energ}',  is  not 
likely  to  exceed  one  hundred  thousand  years;  the  development  from 
a  giant  M  to  a  giant  G  should  be  less  than  twenty-five  thousand 
years.  To  obtain  an  appreciably  slower  development  we  must  call 
upon  sources  of  energ\'  now  unrecognized. 

Giant  stars  of  various  spectral  types  are  numerous  in  globular 
clusters  and  are  easily  studied  in  relation  to  the  foregoing  problem. 
We  recall  that,  owing  to  the  finite  velocity  of  light,  our  investiga- 
tions of  clusters  do  not  relate  to  contemporaneous  conditions,  but 
rather  to  events  of  the  remote  past.  Stars  in  the  nearest  globular 
cluster  are  actually  two  hundred  centuries  older  at  present  than 
they  appear  in  our  records,  and  the  light  we  now  receive  from 
the  most  distant  systems  has  been  en  route  about  two  hundred 
thousand  years.  A  significant  consequence  of  these  unlike  dis- 
tances, thanks  to  the  structural  uniformity  of  stars  and  of  globu- 
lar clusters,  is  that  we  are  able  to  compare  phenomena  separated 
by  enormous  intervals  of  time.  Instead  of  having  to  test  stellar 
development  observationally  through  the  dissimilar  records  of 
one  century  or  possibly  two,  with  globular  clusters  we  may 
make  a  test  under  identical  conditions  of  climate  and  instru- 
mental equipment  at  intervals  up  to  more  than  a  thousand 
centuries. 

The  clusters  range  in  distance  from  twenty  thousand  to  more 
than  two  hundred  thousand  hght-years.  The  farther  away  the 
younger  they  are  in  our  study  and  the  less  developed  are  their 
stars.  (We  assume,  of  course,  that  distance  from  the  earth  is 
totally  irrelevant  in  the  birth  time  of  a  globular  cluster,  though 
distance  from  the  galactic  center  may  not  be.)  The  results  at 
hand,  though  preHminary,  are  apparently  decisive;  and,  as  regards 
definite  indications  of  evolution,  are  uniformly  negative.  We  note, 
in  particular,  the  conclusions  reached  in  the  eleventh  paper,  that 
no  measurable  change  has  occurred  even  in  the   180,000  years 
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separating  the  phenomena  recorded  for  the  nearby  Hercules  cluster 
and  for  the  most  distant  system  known. 

It  would  have  been  impressive  to  find  with  decreasing  distance 
and  increasing  age  a  progressive  change  in  stellar  conditions,  thus 
enabUng  us  to  use  this  time  scale  to  its  greatest  advantage.  Per- 
haps, however,  our  negative  result  may  be  quite  as  important — our 
evidence,  that  is,  of  essential  contemporaneousness  from  cluster  to 
cluster.  The  result  suggests  the  insufficiency  of  the  contraction 
theory,  thus  supporting  the  geological  time  scale  on  the  earth;  it 
contributes  observationally  to  the  growing  belief  that  stellar 
radiation  involves  sources  of  energy  that  are  as  yet  wholly  unknown ; 
and,  by  indicating  that  an  interval  of  100,000  years  is  insufficient 
to  show  appreciable  stellar  development,  it  tends  to  alter  our  con- 
ceptions of  the  speed  of  evolutionary  change. 

II.      THE    LOCAL   SYSTEM 

9.  Discrepancy  of  centers — its  interpretation. — As  has  been  stated 
above,  the  galactic  center  deduced  from  the  arrangement  of 
clusters,  and  roughly  corroborated  by  the  density  of  the  Milky 
Way  clouds,  is  about  90°  from  the  center  recently  assigned  by 
Walkey  and  Charlier  on  the  basis  of  statistical  discussions  of  the 
bright  stars  near  the  sun.  The  new  position  is  not  far  distant, 
however,  from  the  direction  toward  and  from  which  catalogued 
stars  show  a  preferential  drift.  To  investigate  this  discrepancy  of 
centers  and  the  possible  meaning  of  the  star  drifts  in  the  mechanics 
of  the  general  galactic  system  we  are  led  to  inquire  what  part  the 
local  stars  play  in  the  larger  scheme.  Let  us  consider  the  stellar 
phenomena  manifested  in  our  neighborhood  from  the  standpoint 
of  the  greater  galactic  organization  and  think  of  the  local 
stars  as  forming  a  group  which  is  imbedded  in  an  extensi\'e 
stellar  stratum  and  subordinate  to  the  gravitational  influences 
of  the  major  system.  Such  a  procedure  brings  us  to  the  follow- 
ing hypothesis,  which  promises  fairly  satisfactory  interpretations 
of  a  number  of  observational  results,  and  appears  to  harmonize 
some  of  the  earlier  theories  as  to  the  systematic  motions  of  the 
stars : 
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In  the  neighborhood  of  the  sun  (within  1000  parsecs)  the  stars 
fall  into  two  categories:  (i)  Members  of  the  general  galactic 
system,  ha\'ing  motions,  distribution,  frequencies  of  spectral  type, 
and  absolute  magnitude,  much  the  same  as  are  beheved  to  prevail 
throughout  the  greater  part  of  the  equatorial  segment;  these  we 
shall  call  field  stars.  (2)  ^Members  of  a  moving  local  system  of 
limited  extent;  these  we  shall  call  cluster  stars.'  The  cluster 
is  receding  in  a  nearly  radial  direction  from  the  center  of  the 
galactic  system  and  is  surrounded  by  and  intermingled  with  the 
field  stars.  It  is  concentrated  toward  a  plane  of  symmetry,  which 
is  inclined  about  12°  to  the  galactic  plane  as  defined  by  remote 
non-cluster  stars  and  the  clouds  of  the  Milky  Way.  Its  motion  of 
translation  apparently  is  parallel  to  the  Galaxy  rather  than  to  its 
own  equator;  and  there  is,  in  addition,  an  internal  motion  in  the 
cluster  with  respect  to  its  center  which  appears  to  be  about  fifty 
parsecs  north  of  the  true  galactic  plane.  The  sun,  evidently  a 
field  star,  is  at  some  distance  laterally  from  the  center  of  the  cluster 
and  a  few  parsecs  above  its  central  plane  of  symmetry.  Cluster 
stars  comprise  nearly  all  of  the  B-tA-pe  and  a  decided  majority  of  the 
A-t}pe  stars  brighter  than  the  seventh  magnitude  and  a  large 
percentage  of  the  redder  stars  within  three  or  four  hundred  parsecs 
of  the  sun.  The  field  stars  within  this  Kmit  include  very  few 
B's,  a  small  percentage  of  A's,  and  possibly  a  majority  of  the  redder 
spectral  tj'pes.  Cepheids,  N-t>^e  stars,  most  of  the  O-tj-pe  stars, 
the  Ursa  Major  group,  planetary  nebulae,  and  stars  of  peculiarly 
high  random  velocity  are  probably  all  members  of  the  field,  which 
is.  in  general,  a  heterogeneous  mixture  of  many  groups  and  tend- 
encies. 

10.  The  local  cluster. — In  discussing  the  foregoing  hypothesis  the 
most  important  object  will  be  to  demonstrate  the  existence  of  a 
large,  local,  definitely  organized  cluster;  for  when  we  have  satis- 
fied ourselves  that  there  is  such  a  group  moving  in  the  neighborhood 
of  the  sun,  and  have  admitted  the  reahty  of  an  extensive  and  popu- 
lous galactic  system,  the  present  hypothesis  appears  to  aflford  the 
most  simple  and  natural  explanation  of  the  observed  motion  and 
distribution  of  local  stars.     As  an  analog^'  suppose  we  consider 

-  For  a  slight  modification  of  the  following  theory  of  star-streaming  see  Section  IX 
of  Ml.  Wilson  Contr.  No.  161. 
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the  compactly  organized  galactic  cluster  Messier  1 1 ,  which  is  deeply 
immersed  in  the  rich  star  clouds  of  the  Milky  Way.  Unless  it  be 
completely  at  rest  with  respect  to  its  surroundings,  its  motion,  as 
seen  from  a  random-moving  field  star  within  its  bounds,  would  give 
rise  to  exactly  such  phenomena  as  the  systematic  stellar  motions 
we  observe  in  our  neighborhood. 

We  start  from  the  well-known  observational  results  that  stars 
of  spectral  type  B  are  much  alike  in  actual  luminosity,  that  they 
are  much  brighter  than  the  average  star,  and  that  with  decreasing 
apparent  magnitude  they  do  not  increase  in  number  as  rapidly 
as  other  types  of  stars.  A  consideration  of  the  star  ratio  shows  that 
beyond  the  distance  corresponding  to  apparent  magnitude  7 . 5  the 
B  stars  must  be  very  infrequent.'  Charlier,  computing  the  average 
luminosity  of  the  early  subclasses  of  this  type,  has  derived  the  dis- 
tance and  distribution  in  space  of  all  such  stars  contained  in  the 
Harvard  catalogues  and  has  given  striking  evidence  that  they  form 
a  large  system  consisting  of  about  eight  hundred  stars,  among 
which  the  sun  is  eccentrically  situated.  These  two  results  by 
themselves  seem  to  show  the  existence  of  an  important  local  aggre- 
gation.    But  there  is  much  additional  evidence. 

II.  Central  plane  of  the  B  stars  and  its  relation  to  the  Galaxy. — 
The  first  problem  to  be  investigated  is  whether  the  system  of  bright 
B  stars  is  other  than  a  normal  arrangement  of  galactic  stars  in  the 
extensive  equatorial  segment.  To  determine  the  position  of  the 
central  plane  of  the  B-type  group  CharHer  used  751  stars  (without 
differentiation  as  regards  distance  from  the  sun)  and  obtained  for 
the  co-ordinates  of  the  pole:  a=  i84?3,  ^=  +28? 7.  This  position 
he  adopts  as  the  pole  of  the  Milky  Way.""  considering  it  in  satis- 
factory agreement  with  the  pole  of  the  plane  defined  by  the  Milky 
Way  clouds:  a=i9i?2,  5=+27?4.  Apparently  he  identifies  the 
"Galaxy  of  B  stars"  with  the  entire  stellar  universe — a  procedure 
that  cluster  studies  obviously  do  not  support,  for  only  a  few  of  the 
stars  in  Charlier 's  group  are  more  distant  from  the  sun  than  five 
hundred  parsecs. 

'  Cf.  discussion  by  Scares,  Publications  of  the  Astronomical  Society  of  the  Pacific, 
30,  114,  1918. 

'  Op.  oil.,  pp.  40  and  43. 
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If,  however,  the  difference  in  the  positions  of  the  two  poles  be 
real,  an  inclination  of  the  central  plane  of  the  B-type  system  to  the 
Galaxy  is  indicated,  and  we  have  an  additional  argument  for  its 
existence  as  a  distinct  cluster.  The  diagrams  in  CharUer's  memoir 
show,  moreover,  that  the  adopted  plane  is  far  from  satisfying  the 
distribution  of  the  nearer  B  stars.  In  Fig.  3,  which  is  based  on 
data  (Table  III)  derived  from  CharUer's  tabulated  results,  the 
median  values  of  Z,  distance  from  the  adopted  central  plane, 
are  plotted  for  successive  intervals  of  Y,  that  component  of  the 
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Fig.  3. — Projection  of  the  local  cluster  of  B  stars  on  a  plane  perpendicular  to  the 
Galaxy  and  to  the  projection,  on  Charlier's  adopted  plane,  of  the  line  joining  the  sun 
and  the  center  of  the  cluster.  The  center  of  the  system  of  B  stars,  as  derived  by 
Charlier,  is  at  the  origin  of  co-ordinates.  The  cross  shows  the  position  of  the  sun. 
The  true  galactic  plane  is  indicated  by  the  inclined  broken  line.  Vertical  lines  across 
the  curve  show  the  limits  of  distance  adopted  for  the  solution  represented  by  Fig.  4. 


distance  in  the  plane  which  is  perpendicular  to  the  direction  of 
the  center  from  the  sun.  The  area  of  each  of  the  plotted  points  is 
proportional  to  the  number  of  stars  entering  the  median  value  and 
illustrates  the  rapid  falling  off  of  star  density  beyond  a  certain 
distance.  The  unit  used  by  Charher,  the  siriometer,  is  nearly 
equivalent  to  five  parsecs  or  sixteen  light-years.  A  cross  indicates 
the  position  of  the  sun.  The  broken  horizontal  line  represents  the 
projection  of  the  galactic  plane  adopted  by  him.  The  majority  of 
B  stars  obviously  lie  below  it,  proving  the  sun's  position  to  be  above 
the  cluster's  central  plane.  The  full  horizontal  line  indicates  the 
central  plane  adopted  by  Charlier;  but  considering  only  the  inner 
part  of  the  cluster  we  observe  that  the  sun  is  much  nearer  to  the 
central  plane.  The  inclined  broken  line  shows  the  projection  of 
the  galactic  plane  as  derived  from  the  stars  of  the  Milky  Way 
■clouds;    its  inclination  and  its  distance  below  (south  of)  the  B 
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cluster  and  the  sun  are  derived  from  the  results  mentioned  on  a 
following  page.  The  figure  suggests  in  general  that  a  few  B  stars 
of  the  Galaxy  are  sparingly  intermixed  with  a  definite  and  limited 
cluster. 

TABLE  III 


Intervals  of  Y  in 
Siriometers 

Number  of  Stars 

Median  Z  in 
Siriometers 

<— 60       

41 
16 

52 
59 
72 
80 

83 
88 
76 
70 
60 
37 
36 
35 

-4 

+  2 

+3 
+  6 

+4 
+  2 
+  2 
+  1 
0 

—  2 

-4 

—  6 
-6 

-59  to  -50 

-49   "    -40 

-39  "   -30 

—  29   "    —  20 

—  19   "    —10 

-9"           0 

0  "   +  9 

+  10  "  +19 

+  20  "  +29 

+30  "  +39 

+40  "  +49 

+50  "   +59 

>  +60      

12.  Summarized  discussion  of  the  properties  of  the  local  cluster. — 
The  procedure  from  this  point  involves  much  computational  work 
and  statistical  discussion,  and  for  the  present  the  most  relevant 
results  can  best  be  given  in  a  summarized  form. 

a)  CharHer's  determination  of  the  mean  absolute  magnitudes 
of  B  stars  is  compared  in  Table  IV  with  averages  derived  from  the 


TABLE  IV 


Kapteyn 

Ch.uilier 

Spectral  Class 

Number  of 
Stars 

.\bsolute 
Magnitude 

Number  of           Absolute 
Stars              Magnitude 

Difference 

Bo* 

Bi 

36 
23 
36 
148 
67 

-0. 34*0.23 

—  2.00*0. 16 

—  1 .  21*0. 16 
—0.38*0.06 

—  0.  21*0.09 

27                  -0.56 
26                   —2.76 
40                  —  2  .  76 

+  0*'2  2 

+0.76 

B2 

+  1-55 

B3 

157 
104 

—  1 .10 

—  1.29 

+0.  72 

BS 

+  1.0S 

*  In  Kapteyn^s  lists  B  stands  for  Bo.  The  lack  of  homogeneity  in  this  subtype,  noted  by  both 
investigators,  may  be  due  to  the  inclusion  of  some  (fainter  stars)  of  the  general  class  B  with  the  true 
Bo  stars. 

parallaxes  given  by  Kapteyn  in  Mount  Wilson  Contributions,  Nos.  82 
and   147.     While  systematically  fainter,   Kapteyn's  mean  values 
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verify  the  similarity  of  the  subclasses  Bo,  B3,  and  B5.  and  the  much 
greater  average  luminosity  of  B  i  and  B  2 . 

b)  If  we  desire  to  limit  our  investigation  of  the  B  stars  to  the 
denser  part  of  the  group  fsay,  to  approximately  two  hundred  par- 
sees  from  the  sun.  as  indicated  in  Fig.  3),  we  should  include  only 
those  brighter  than  apparent  magnitude  4.0  for  types  Bi  and  B2, 
and  brighter  than  5.5  for  t}pes  Bo,  B3,  and  B5.  Such  data  per- 
mit a  solution  for  the  equatorial  plane  of  the  B  cluster  that  is  not 
seriously  influenced  by  outside  stars. 

c)  From  the  several  Usts  in  Harvard  Annals,  56,  the  galactic 
longitudes  and  latitudes  have  been  discussed  for  356  B-type  stars 
falling  within  the  foregoing  limits  of  spectrum  and  brightness.  The 
results,  collected  in  Table  V,  give  for  the  pole  of  the  central  plane 
of  the  flattened  B-t\pe  cluster:    a  =  178°,  5=  -f-3i?2. 

TABLE  V 


Intervals  of  Galactic 
Longitude* 


No.  of 
Stars 


Median  Galactic    Mean  Galactic 
Latitude  Latitude 


Residual 
from  Cur\'e 


10 
20 
30 
40 

50 
60 
70 
80 
QO 
100 

no 

120 

130 

140 

150 

160 

ITO- 


■  9" 
-  19 

■  29 

■  39 

■  49 

■  59 
■69 

■  79 
■89 

■  99 
■109 
■119 
■129 

■139 
•149 

•159 
■169 

•179 


15 

+  10° 

+  12° 

-1-  2= 

13 

+  6 

+  8 

—  I 

19 

+  8 

+  11 

+  3 

26 

+  8 

+  5 

—  I 

16 

+  2 

~  5 

—  10 

22 

+  4 

+  7 

-;-  4 

22 

+  2 

+  3 

-r  2 

15 

+  4 

—  I 

0 

26 

—  I 

-  3 

—  0 

13 

-  3 

—  2 

+    2 

14 

-19 

-17 

—  II 

24 

-  8 

-  4 

+   4 

20 

—  10 

-  9 

-}-  0 

39 

-16 

-10 

+  I 

18 

—  2 

—  II 

+  0 

14 

-  6 

—  10 

+  2 

20 

-16 

—  10 

+   2 

20 

-16 

-14 

-  3 

*  Diametrically  opposite  regions  are  combined  for  this  table. 


d)  The  defijiiteness  with  which  this  secondary  Galax}-  is  deter- 
mined is  shown  in  Fig.  4,  where  mean  galactic  latitudes  are  plotted 
against  galactic  longitude.  The  semi- amplitude  of  the  resulting 
sine-curve  yields  12°  for  the  inclination  of  the  two  planes,  and  the 
nodes  are  in  galactic  longitudes  70°  and  250°.     The  dip  of  the 
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central  plane  due  to  the  sun's  position  to  the  north  is  5°.  If 
stars  in  the  constellation  of  Orion  were  deleted  from  the  discussion, 
the  result  would  not  be  materially  affected.  The  average  deviation 
of  a  mean  value  from  the  curve  is  +2?7. 

e)  A  discussion  of  all  A-type  stars  brighter  than  the  sixth  appar- 
ent magnitude  confirms  the  foregoing  results,  showing  that  other 
spectral  classes  are  involved  in  the  cluster.  The  inclination 
derived  from  A  stars,  however,  is  only  about  4°,  probably  an  indi- 
cation that  many  general  galactic  stars  are  included  and  also  that 
the  concentration  to  the  plane  of  the  cluster  may  not  be  so  pro- 
nounced as  for  B-type  stars. 
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Fig.  4. — Solution  for  the  inclination  of  the  local  cluster  to  the  -galactic  plane 


/)  We  have  further  suggestions  that  a  majority  of  A  stars  prob- 
ably belong  to  this  limited  cluster,  first  in  Plummer's  discussion  of 
the  preferential  motion  shown  by  their  radial  velocities  and  second 
in  the  observations  of  Boss  and  Eddington  that  the  mean  parallactic 
motion  of  these  stars  is  the  same  in  low  and  high  galactic  latitude 
although  the  density  is  twice  as  great  near  the  Galaxy. 

g)  In  Kapteyn's  result  that  the  B  stars  are  members  of  Stream  I 
we  also  have  an  indication  that  some  stars  of  all  the  later  types 
belong  to  the  cluster. 

The  work  thus  far  done  proves  the  continuity  of  the  series  of  the  B  and  A 

and  the  second-type  stars Some  B  stars  at  least  must  be  regarded  as 

members  of  the  Second  Stream.     It  is  now  found  that   the  remainder — the 
overwhelming  majority — belong  to  the  First  Stream.' 

Apparently,  then,  the -membership  of  Stream  I  is  limited  wholh- 
to  the  cluster. 

'  Kapteyn,  .\foiint  Wilson  Aiinmil  Report,  1916,  p.  25O.  * 
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h)  Gould's  belt  of  bright  stars,  as  revised  by  Xewcomb,^  is 
nearly  coincident  with  this  secondary  Galaxy.  A  definite  trace  of  it 
is  given  by  all  naked-eye  stars  when  considered  together,  irrespective 
of  t^pe  (lucid  red  and  yellow  stars  contribute  httle  because  of  their 
uniform  distribution  in  the  sky);  stars  of  the  ninth  magnitude, 
however,  give  the  same  pole  for  the  Milky  Way  plane  as  is  given 
by  galactic  clouds  (Newcomb). 

i)  Cepheid  variables  extend  far  outside  the  limits  of  the  local 
cluster,  and  the  pole  of  their  plane  of  concentration  is  identical 
with  that  for  the  galactic  clouds  (Fig.  5).     They  afford  the  best 
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Fig.  5. — Projection  of  the  positions  of  Cepheid  variables  on  the  same  plane  as 
in  Fig.  3  the  sun  being  at  the  origin.  The  small  dots  represent  individual  stars,  the 
cross  a  special  group  in  Carina,  and  the  large  dots  mean  values.  The  inclined  line  in 
the  center  represents  the  projected  plane  and  the  probable  extent  of  the  local  cluster  of 
B  stars. 

determination  yet  available  of  the  sun's  distance  north  of  the 
galactic  plane — about  sixty  parsecs.  A  systematic  error  in  the  abso- 
lute magnitude  of  Cepheids  would  affect  this  distance  proportion- 
ately, but  would  not  alter  the  general  conclusions.  The  X-type 
and  most  0-t}pe  stars  are  sufficiently  remote  and  concentrated  to 
the  plane  to  afford  a  check  of  the  sun's  displacement,  if  reliable 
individual  parallaxes  become  available.  The  poles  of  their  planes 
of  concentration  are  apparently  identical  with  the  pole  derived 
from  the  galactic  clouds.^ 

j)  The  center  of  the  B-type  cluster,  adopting  CharHer's  values  of 
absolute  magnitude,  is  more  than  fifty  parsecs  north  of  the  galactic 
plane,  making  the  sun  less  than  ten  parsecs  north  of  the  central 
plane  of  the  B  stars  (Fig.  3).  For  this  last  quantity  CharHer 
derived  19.2  parsecs,  but  his  work  involves  extra-cluster  stars  that 

'  Carnegie  Institution  of  Washington,  Puhlicatian  No.  10,  1904. 
^  Hertzsprung,  Astronomische  Nachrichten,  192,  261,  1912. 
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apparently  are  concentrated  to  the  true  galactic  plane.  With 
Kapteyn's  absolute  magnitudes  of  the  B's  the  distance  ot  the  clus- 
ter's central  plane  below  the  sun  is  still  less,  and  the  sun's  distance 
from  the  local  center  is  less  than  fifty  parsecs. 

k)  The  evidence  that  the  local  cluster  is  a  dynamical  unit  and 
has  conspicuous  internal  motion  superposed  upon  a  translational 
velocity  includes:  (i)  the  behavior  of  the  star  ratio  for  spectral 
types  B  and  A;  (2)  the  greatly  flattened  form  of  the  system,  at 
least  for  the  B  stars;  (3)  Kapteyn's  announcement  of  the  accelera- 
tion of  Stream  I;'  (4)  Stromberg's  ex'idence  from  second-t>'pe  stars 
of  a  rotation  around  a  center  approximately  coincident  in  direction 
with  the  center  of  the  cluster  as  derived  from  B  stars ;^  and  (5)  the 
deviations  of  the  vertices  of  the  various  groups  of  B  stars,  depend- 
ing upon  position  in  the  sky.  A  study  of  the  last  three  points,  if 
not  too  much  constrained  by  the  magnitude  of  the  observational 
errors,  may  show  whether  the  internal  motion  is  approximately 
radial  or  is  a  rotation  in  one  general  direction  or  in  more  than  one. 

12.  Consequences  of  motion — star-streaming. — The  foregoing  ab- 
breviated account  seems  to  show  conclusively  that  an  open  cluster 
surrounds  the  sun,  and  that  it  is  comprehensive  enough  to  in- 
clude stars  as  numerous  and  varied  as  the  components  of  a  star 
stream.  The  continuity  of  the  galactic  star  fields  beyond  the 
cluster's  Hmits  is  strongly  indicated  by  the  arrangement  in  space  of 
Cepheid  variables  (Fig.  5)  and  other  types  of  distant  stars,  but 
especially  by  the  distribution  of  the  faint  stars  of  the  Bonner 
Durchmusterung  (SeeUger,  Newcomb)  and  by  the  increasing 
galactic  concentration  with  decreasing  apparent  brightness  of  still 
fainter  stars  (Kapteyn,  Scares,  Van  Rhijn).  As  seen  from  the  solar 
system,  therefore,  the  local  cluster,  if  in  motion,  must  inevitably 
produce  star-streaming  analogous  to  that  observed;  hence  it  is  a 
natural  assumption  that  the  recorded  systematic  motions  of  the 
local  stars  are  due  wholly  to  such  a  cause.  That  the  translation 
through  the  star  field  is  approximately  radial  is  of  some  dynamical 
significance,  and  that  it  is  in  the  plane  of  the  Galaxy  was  to 
be  expected.     The  internal  motion,  on  the  other  hand,  probably 

'  Mount  ]\H.<on  Annual  Report,  1916,  p.  255. 

'Ml.  Wilson  Conlr.  No.  144;   A  strophysical  Journal,  47,  7,  \q\%. 
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has  a  maximum  component  in  the  plane  of  the  cluster.  Unfortu- 
nately the  small  inclination  may  make  difficult  the  separation  of 
the  two  motions. 

The  present  viewpoint  of  star-streaming  seems  to  be  greatly 
strengthened  by  the  way  in  which  important  observed  facts  agree 
with  its  requirements.  We  have  mentioned  the  form  and  limits 
of  the  cluster,  its  stellar  content,  its  motion  parallel  to  the  galactic 
plane,  the  probable  acceleration  of  Stream  I,  and  the  distribution 
of  A-t^pe  stars.     Two  or  three  other  points  may  be  referred  to  here. 

a)  Since  the  plane  of  concentration  of  field  stars  lies  south  of 
the  sun  (Fig.  5),  the  theory  requires  that  stars  of  Stream  II  should 
be  relatively  less  numerous  in  northern  than  in  southern  galactic 
latitudes.  In  agreement  with  this  Hough  and  Halm  ha\e  found, 
from  both  radial  velocities  and  proper  motions,  that  the  stars  of 
Stream  II  are  more  than  twice  as  frequent  near  the  southern 
galactic  pole  as  near  the  northern.'  This  point  appears  to  be  of 
high  importance. 

h)  As  the  cluster  is  of  limited  extent  the  proportion  of  field 
stars  should  increase  with  increasing  distance  from  the  center.  The 
ratio  of  the  number  in  the  first  stream  to  that  in  the  second  is 
f  for  naked-eye  stars  (excluding  type  B) ;  for  fainter  stars  Dyson 
and  Thackeray^  find  the  ratio  |.  Stars  as  distant  as  1000  parsecs 
presumably  would  show  only  accidental  traces  of  Stream  I. 

c)  The  decHnation  of  the  apex  of  solar  motion  should  be  sensi- 
tive, on  this  cluster  h^-pothesis,  to  the  character  and  average  distance 
of  the  stars  involved  in  its  determination.  Thus  the  low  dechna- 
tions  derived  from  stars  of  early  types,  of  large  proper  motions,  of 
faint  absolute  magnitude,  of  bright  apparent  magnitude,  all  indicate 
that  the  apex  with  respect  to  the  galactic  field  lies  considerably 
north  of  the  value  commonly  used.  Dyson  and  Thackeray's^  work 
on  Groombridge  stars  and  Comstock's''  results  from  the  very  faint 
"optical"  companions  of  double  stars  perhaps  most  nearly  indicate 
the  "true"  direction  of  solar  motion. 

'  Monthly  Notices,  70,  85,  568,  1910;   Halm,  ibid.,  71,  610,  191 1. 

'Ibid.,  77,  590,  191 7. 

^  Ibid.,  65,  428,  1905. 

*  Astronomical  Journal,  28,  54,  1913. 
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In  many  of  its  features  the  present  hypothesis  makes  no  claim  to 
novelty.  It  includes,  indeed,  a  patchwork  of  many  preceding 
suggestions,  but  is  of  course  entirely  independent  in  that  the  prob- 
lem has  been  approached  from  the  point  of  view  of  the  recently 
acquired  ideas  on  clusters  and  on  the  arrangement  and  constitu- 
ency of  the  larger  galactic  system.  Among  earlier  deductions 
and  speculations  related  to  this  subject  we  note  that  Gould,  forty 
years  ago.  thought  his  "Belt"  of  bright  stars  (inclination  20°, 
longitude  of  node  90°)  represented  a  local  cluster  of  possibly  four 
hundred  members;  but  Newcomb's  later  analysis  attributed  the 
whole  phenomenon  to  a  few  chance  aggregations.  Hertzsprung  and 
Charher  have  found  the  deviation  of  the  galactic  pole  for  B  stars, 
the  former  suggesting  that  the  result  might  be  significant.  Perrine 
has  noted  that  one  of  the  vertices  lies  in  the  general  direction  of 
regions  rich  in  globular  clusters.  An  early  hypothesis  by  Hough  and 
Halm  tentatively  identified  Stream  II  with  the  Milky  Way  stars. 
Turner's  gravitational  hypothesis  of  the  streams  assigned  the  center 
of  the  universe  to  the  line  of  star-streaming.  Jeans  has  considered 
theoretically  several  different  possibilities,  some  of  which  resemble 
the  present  suggestions.  But  in  developing  this  interpretation  the 
obligation  is  by  far  the  greatest  to  the  various  discussions  of 
theories  and  observational  data  by  Eddington  and  Kapteyn. 

If  a  theory  similar  to  the  present  one  survives  the  test  of  future 
observation  and  analysis,  it  will  be  of  interest  to  note  how  closely  it 
approaches  Kapteyn's  original  statement  of  star-streaming,  so 
far  as  local  phenomena  are  concerned.  The  "two  cloud"  hypothe- 
sis of  the  streams — the  "duahstic"  conception  of  the  universe, 
as  Charlier  calls  it — would  be  a  more  literal  view  of  the  conditions 
near  the  sun  than  that  given  by  the  ellipsoidal  theory  of  streaming 
— the  "monistic"  conception.  But  so  far  as  we  now  see  the  latter 
may  apply  better  to  the  galactic  system  as  a  whole,  and  we  also  have 
•a  case  for  the  ellipsoidal  theory  in  the  internal  motions  of  the  local 
cluster. 

Mount  Wilson  Observatory 
April  19 18 


THE  heliu:m  spectrum  axd  the  unit 

ELECTRICAL  CHL\RGE 

By  FERXAXDO  SAXFORD 

In  his  paper  in  Physikalische  Zeitschrift,  4,  400  (Gesammelte 
Werke.  p.  80).  Ritz  concludes  that  all  spectral  series  may  be  expressed 
by  the  formula 


--^-iH)' 


f 

where  7  represents  the  wave-number  per  centimeter.  .Y  the  Rydberg 
constant  109675,  and  p  and  q  the  roots  of  certain  transcendental 
equations.  In  the  case  of  the  B aimer  series  this  equation  takes  the 
form 

Ritz  concludes  that  the  constant  X  is  strictly  universal,  and  hence 
that  the  wave-numbers  of  the  lines  of  all  spectral  series  may  be 
expressed  in  terms  of  this  constant. 

In  a  paper  entitled  '"The  Astronomical  Atom  and  the  Spectral 
Series  of  Hydrogen"^  the  present  \\Titer  has  showTi  how,  on  the 
assumption  that  radiating  electrons  are  revolving  in  eUiptical  or 
circular  orbits  about  a  central  positive  charge,  the  central  positive 
charge  for  any  wave-length  may  be  calculated  in  terms  of  the  wave- 
length and  a  numerical  constant,  viz.,  ^  =  2.882-  io~'^  1  \,  where 
Q  is  the  central  charge.  It  was  also  shown  in  the  same  paper  that 
the  Rydberg  constant  A'  is  the  wave-number  of  an  electron  revolving 
about  a  central  positive  charge  Q  =  2e  =  g.S4S'io~'^°  E.S.U. 

This  being  the  case,  it  should  be  possible  to  calculate  the  effective 
central  charge  corresponding  to  any  line  of  any  series  to  which  the 
Ritz  formula  may  be  apphed  in  terms  of  the  charge  2e  by  means  of 
an  equation  of  the  form  Q  =  2ey  1/ p^  —  i.g\  This  was  done  for  all 
the  kno^^'n  series  in  hydrogen  in  the  paper  referred  to  above.     It  is 

'  Astrophysical  Journal,  48,  i,  1918. 
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the  puipose  of  the  present  paper  to  show  that  it  may  also  be  done 
for  the  six  known  series  in  the  heHum  spectrum. 

The  hehum  series  are  usually  separated  into  two  groups,  some- 
times classified  as  the  helium  and  the  parhelium  groups.  Each 
group  consists  of  a  ''principal"  series  and  two  "subordinate" 
series.  The  two  subordinate  series  of  the  hehum  group  are  made 
up  of  double  lines,  while  the  corresponding  series  of  the  parhehum 
group  consists  of  single  lines.  In  the  present  paper  the  mean  wave- 
length of  a  pair  is  taken  as  the  wave-length  for  which  the  central 
charge  is  computed,  though  since  the  value  of  some  of  the  constants 
used  in  calculating  our  numerical  constant  2.882*  io~^^  is  known 
to  only  three  significant  figures,  it  usually  makes  no  difference  in 
our  computed  value  of  Q  which  wave-length  of  a  close  doublet  is 
used. 

FIRST   SUBORDINATE    SERIES,    HELIUM   GROUP 

There  is  a  long  series  in  helium  classed  by  Kayser  as  the  first 
subordinate  series  of  the  helium  group,  or  Group  I.  This  series 
corresponds  to  the  Balmer  series  in  hydrogen,  but  whereas  in  the 
Balmer  series  the  wave-length  of  any  line  may  be  computed  from 
the  equation  i/X  =  2^(1/4— i/w^),  the  corresponding  equation  for 
the  first  subordinate  series  of  helium  is 

■;X  =  .V(r/3.7S6-./».')  or  ,/x  =  .v[^^-^J  . 

In  order  to  compute  the  unit  electrical  charge  by  means  of  this 
equation,  we  write 


()=2.882-io-'Vl  X=2el    1/(1. 938)'- i/m'. 

The  values  of  2e  derived  from  this  equation  for  each  line  of  the 
series  under  consideration  are  given  in  Table  I. 

FIRST    SUBORDINATE    SERIES,    PARHELIUM    GROUP 

The  series  of  the  parhelium  group  which  corresponds  to  the 
above  series  consists  of  twelve  lines  which  correspond  in  wave- 
length with  the  lines  of  the  Balmer  series  even  more  closely  than  do 
the  lines  of  the  series  given  in  Table  1.     The  value  of  c  may  be 
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TABLE  I 

UxiT  Electrical  Charge  from  First  Subordixate 
Series  of  Helium 


2.882>IO 


i/x 


3 
4 
5 
6 

7 
8 

9 

lO 

II 

12 

13 

14 
15 
16 

17 
18 

19 


5876 
4472 
4026 
3820 
3705 
3634 
3587 
3S5S 
3531 
3513 
3499 
3488 

3479 
3472 
3466 
3461 
3457 


758 
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9- 

542 

9- 

663 
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834 
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9 
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9 

880 
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886 

9 

891 

9 

8q5 

9 

899 

9 

902 

9 

538 

546 

548 
548 
546 

547 
548 
548 
547 
546 
547 
548 
547 
548 
547 
549 
549 


Mean  Value  of  e  =  4. 7735 


calculated  from  these  lines  by  the  equation  Q  =  2e^    1/4 .  038  —  i/m^ ; 
or,    to    put    the    equation    in    the    form    used    by    Ritz,    Q  = 

2.882*  io~" 


2^1^1/(2.0094)^  — i/w^  where,  as  before,   Q  = 
results  of  this  calculation  are  given  in  Table  II. 
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TABLE  II 

UxiT  Electrical  Ch.\rge  from  First  Subordinate 
Series,  Parhelium 


3 
4 
5 
6 

7 
8 

9 
10 
II 

12 
13 
14 


i/x 


527 

9- 

108 

0. 

351 

9 

477 

9 

551 

9 

599 

9 

632 

9 

655 

9 

667 

9 

681 

9 

.690 

9 

.698 

9 

546 
546 
550 
546 
546 

548 
548 
548 
540 

544 
540 
540 


The 


Mean  value  ofe  =  4.7725 
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As  is  well  known,  there  is  in  the  hydrogen  spectrum  another 
series,  known  as  the  Pickering  series,  which  converges  to  the  same 
wave-length,  and  hence  to  the  same  central  charge,  as  does  the 
Balmer  series.  The  wave-numbers  of  the  lines  of  this  series  are 
expressed  by  the  Ritz  equation  i/\  =  N(j  —  i'(m-\-o.>,y  and  their 
central  charges  by  the  equation  Q  =  2e^    \  —  i   (m+o.  5)^. 

The  two  second  subordinate  series  in  the  helium  groups  cor- 
respond to  the  Pickering  series  in  hydrogen  in  that  each  series 
converges  to  the  same  wave-length  and  the  same  central  charge  as 
does  the  first  subordinate  series  of  its  group. 

SECOND   SUBORDINATE    SERIES,    HELIUM   GROUP 

This  series,  as  generally  given,  consists  of  thirteen  lines,  though 
the  line  for  which  w  =  3  does  not  fit  Rydberg's  equation  and  the 
value  of  e  calculated  from  this  line  differs  by  a  little  more  than 
4  per  cent  from  its  true  value.  The  Hne  for  which  m  =  4  also  gives 
a  value  of  e  almost  i  per  cent  too  great. 

The  wave-lengths  of  these  lines  and  the  value  of  2e  as  calculated 
from  them  are  given  in  Table  III. 


TABLE  III 

Unit  Electrical  Charge  from  Second  Scbordixate 
Series,  Helium 


i/x 


3 
4 
5 
6 

7 
8 

9 
10 
II 
12 
13 
14 
J5 


7066 

4713 
4121 
3868 
3733 
3652 
3599 
3563 
3537 
3517 
3502 
3491 
3481 


.428 

195 
.486 

■631 
715 
.767 
.802 
.827 
.843 
.858 
.870 
.876 
.882 


Mean  value  of  f  = 


•965 

643 
•585 
■  567 

556 
•553 
•542 

549 

530 
•54G 

549 

546 

544 
4  79 
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The  values  of  2e  are  calculated  from  the  equation 
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SECOND    SUBORDINATE    SERIES,    PARHELIUM   GROUP 

There  is  also  a  second  subordinate  series  in  the  parhelium  group 
which  converges  to  the  same  wave-length  and  the  same  central 
charge  as  does  the  first  subordinate  series.  The  value  of  e  may  be 
calculated  from  this  series  by  using  the  equation 


2.S82-IO- 

■  V\ 


\  (2/. 0094)^    (w— 0.15)^ 


The  results  of  this  calculation  are  given  in  Table  IV. 


TABLE  IV 

Unit  Electric.a.l  Charge  from   Second  Subordix.ate 
Group,  Parhelium 


m 

X 

2.882.10  " 

e 

•J 

7282 
5050 
4438 
4169 
4024 
3936 

3878 
3838 

3-377 
4.056 
4.326 
4-463 
4-543 
4-594 
4.628 
4  652 

4.782 

4 

4-  772 

4-  773 

6 

4-783 

7 

8 

4-772 
4-775 

Q 

4-775 

10 

II 

4.776 

12 

3788 
3771 

4-683 

4-693 
Mean  valu 

4-773 

13 

4.772 
eof  ^  =  4.775 

THE    PRINCIPAL    SERIES    OF    HELIUM 

The  two  principal  series  of  helium  not  only  converge  toward  a 
different  wave-length  and  central  charge  from  the  subordinate 
series,  as  does  the  principal  series  of  hydrogen,  but-  they  converge 
toward  different  central  charges  in  the  two  helium  groups.     Thus 
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the  principal  series  of  Group  I  converges  toward  a  central  charge 


Q  =  2e  v'y .- ,  and  the  principal  series  in  the  parhelium  group 


converges  toward  a  charge  Q  =  2e\- — — -.     The  principal  series 


in  hydrogen  converges  toward  a  charge  Q  =  2e  ^- — — r^  . 

Both  the  principal  series  in  helium  seems  to  have  the  same  value 
for  i/q^  in  the  Ritz  equation.  This  value  may  be  taken  as  i'q'  = 
i/ini—  .o6)^  These  values  are  only  approximate,  but  are  as  close 
as  are  needed  in  calculating  the  value  of  e. 

The  principal  series  in  the  helium  group  gives  the  more  con- 
sistent values  of  e,  but  with  the  exception  of  the  first  two  lines  of  the 
parhehum  series  the  values  of  e  calculated  from  this  series  agree 
satisfactorily.  The  values  of  e  as  calculated  from  the  different 
lines  of  these  series  are  given  in  Tables  V  and  VI. 


TABLE  V* 

Unit  Electrical  Charge  from  Principal  Series  of 
Helil'u,  Group  I 


3 
4 
5 
6 

7 
8 

9 

lO 

II 

12 
13 


10830 
3889 
3188 

2945 
2829 
2764 
2723 
2696 
2677 
2663 
2657 
2645 


305 
4IS 
48 

52 

545 
560 
580 
594 
600 


776 
772 
770 
770 
775 
773 
775 
772 
768 
773 
772 
774 


Mean  value  of  6  =  4.7725 


*The  equation  used  in  this  computation  is  Q  — 2« 


\(i.69)'     («-.o6)' 
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TABLE  \T* 

Unit  Electrical  Charge  from  Principal  Series  of 
Parhelium 


Q 

c 

4.069 

4 

4 

577 

4 

4 
4 
4 

794 
908 
976 

4 
4 
4 

5 

019 

4 

5 

049 

4 

5 
5 

070 
085 

4 
4 

5 

097 

4 

5 

no 

4 

3 
4 
5 
6 

7 
8 

9 

10 
II 
12 
13 


5016 
3965 
3614 
3448 
3355 
3297 
3258 
3231 
3212 

3197 
3177. 
Omitting 


the  first  two  lines,e  = 


.843 
•795 
.783 
.778 

•775 
.772 

•773 
•774 
.772 
.772 
■775 
4775 


♦Calculated  from  the  equation  Q  =  2e-\\- — r— — •; tt- 

\(i.85)^     (W-.06)* 
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PHOTO-ELECTRIC   MEASURES   OF   THE   LIGHT   OF 
NOVA  AQUILAE  NO.  3 

By  JOEL  STEBBINS  and  ELMER  DERSHEM 

We  did  not  learn  of  the  appearance  of  the  Nova  until  the  morn- 
ing of  June  9,  when  Mr.  Stebbins  at  Rock  Springs  heard  by  tele- 
phone from  Mr.  Frost  that  a  first-magnitude  new  star  had  been 
discovered  by  Mr.  Barnard  at  Green  River  the  previous  night.  A 
telegram  was  promptly  sent  to  Urbana,  and  by  special  effort  a 
photometric  measure  was  secured  on  June  9.  The  night  of  June  8 
had  been  clear  throughout  at  Urbana,  and  a  series  of  photo-electric 
observations  of  stars  on  the  regular  program  was  carried  on  until 
about  fifteen  hours  local  time.  The  observers  then  closed  up  the 
dome  and  walked  away  toward  the  northwest,  missing  the  oppor- 
tunity of  measuring  the  Nova  at  the  critical  time.  The  disappoint- 
ment of  not  seeing  the  Nova  on  the  first  night  was  compensated 
in  part  by  the  following  ten  nights  being  clear,  but  we  shall  always 
regret  that  some  accident  did  not  bring  the  Nova  to  our  attention 
on  June  8. 

In  its  present  condition  the  photo-electric  photometer,  attached 
to  the  12-inch  refractor,  gives  satisfactory  measures  of  stars  as 
faint  as  photographic  magnitude  5.5.  Although  stars  fainter 
than  this  can  be  observed,  the  measures  become  slow  and  burden- 
some because  of  the  extra  precautions  necessary.  We  have  tried 
objects  as  faint  as  magnitude  7.5  and  got  measurable  effects,  but 
there  is  no  need  of  pushing  things  to  the  limit  when  there  are  so 
many  brighter  stars  available.  In  the  six  months  from  June  9 
to  December  10  the  Nova  was  well  within  the  working  range  of  the 
apparatus,  and  measures  were  secured  on  79  nights,  every  clear 
night  except  two  when  the  photometer  was  out  of  order.  From 
June  to  the  middle  of  September  the  observations  were  all  made  by 
Mr.  Dershem,  and  after  that  time  the  work  was  divided  between 
us.     We  are  indebted  to  Miss  Iva  Hamlin  for  most  of  the  reductions. 

The  magnitudes,  which  are  derived  with  a  potassium  photo- 
electric  cell,    are    \ery    near    to   photographic    magnitudes.     The 
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color-equation  of  our  apparatus  is  0.86  magnitude;  i.e.,  a  star  of 
spectrum  Ko  is  measured  0.86  magnitude  fainter  than  an  Ao  star 
of  the  same  visual  brightness. 

The  photo-electric  measures  are  most  satisfactory  when  the 
stars  to  be  compared  do  not  differ  more  than  half  a  magnitude  in 
brightness,  and  it  is  always  aimed  to  choose  stars  as  nearly  equal 
as  possible.  However,  as  suitable  comparison  stars  are  often  diffi- 
cult to  find,  we  have  been  using,  for  some  time,  a  series  of  shade 
glasses  to  increase  the  working  range  of  the  instrument.  These 
shades  range  in  absorptive  power  from  about  half  a  magnitude  to 
three  magnitudes,  and  are  all  nearly  neutral  in  tint.     They  were 

TABLE  I 
Absorption  of  Shade  Glasses 


Star 

f  Persei 

7  Pegasi 

a  Andromedae 

a  Aquilae 

5  Aquilae 

a  Persei 

7  Cygni   .  .  .  .  . 
a  Cassiopeiae. 

a  Arietis 

fS  Andromedae 
^  Pegasi 


Magnitude         Spectrum 


III 


2.91 
2.87 

2.15 
0.89 

3-44 
1 .90 
2.32 
2.47 
2.23 

2-37 
2.61 


Bi 
B2 
Ao 
As 
Fo 

F5 
F8 
Ko 
K2 
Ma 
Mb 


0M78 
0.77 
0.79 
0.80 
0.79 
0.83 
0.84 
0.84 
0.84 
0.86 
0.86 


I  "66 
1. 61 

65 

72 


2M80 
2.81 
2.81 
2.85 


2.84 
2.85 
2.79 
2.81 
2.80 
2.78 


made  from  some  plane  dark  spectacle  glasses  which  we  managed  to 
gather  up  in  war  time.  In  comparing  two  stars  of  unequal  bright- 
ness, one  star  of  the  two  is  always  observed  through  the  same  shade, 
so  that  the  effect  of  the  shade  need  be  known  only  approximately, 
since  only  variations  of  light  are  studied. 

For  the  work  on  Nova  it  was  necessary  to  know  the  absorption 
of  each  shade,  and  when  we  came  to  make  tests  we  found  marked 
difterences  for  stars  of  various  spectral  types.  In  all  strictness  the 
absorption  of  each  shade  should  be  known  for  every  wave-length, 
but  for  our  purpose  it  is  sufficient  to  measure  the  absorption  under 
the  working  conditions  of  the  instrument.  In  Table  I  are  given 
the  measures  for  the  three  shades,  I,  II,  and  III.  The  result  for 
each  star  is  the  mean  of  four  determinations,  made  on  two  or  more 
nights. 


346 


JOEL  STEBBINS  AND  ELMER  DERSHEM 


Although  ten  stars  are  scarcely  sufficient  for  a  definitive  meas- 
ure, they  indicate  very  well  the  differences  of  the  shades  for  the 
spectral  classes,  but  there  are  no  doubt  peculiarities  of  the  indi- 
vidual stars.  Since  the  tests  were  made  we  have  learned  from  Mr. 
W.  S.  Adams  that  7  Cygni  has  a  peculiar  spectrum,  which  might 
have  been  suspected  from  the  shade  tests.  In  fact,  by  using 
strongly  colored  shades  it  would  be  quite  feasible  to  work  out  a 
method  of  measuring  quantitively  the  spectral  class  of  a  star.  From 
smooth  curves,  drawn  to  represent  the  results  in  Table  I,  the  values 
in  Table  II  were  derived. 

TABLE  II 
Adopted  Values  of  Shade  Glasses 


Spectrum 

I 

n 

HI 

Bo 

Ao 

Fo 

0M77 
0.79 
o.Si 
0.82 
0.84 
0.86 
0.79 

i»'63 
1.68 

1-73 
1.78 
1.82 
1.86 
1.68 

2M80 
2.82 
2.84 

Go 

Ko 

Mo 

Nova 

2   84 
2^82 
2.79 
2.82 

It  turns  out  that  the  difference  of  absorption  between  spectral 
classes  B  and  M  is  o'^'og  for  shade  I,  and  o^'23  for  shade  II.  while 
for  shade  III  the  variation  is  smaller.  These  differences  were 
not  suspected  at  all  when  the  observations  of  the  Nova  were 
being  made,  and  it  is  necessary  to  know  the  equivalent  spectrum  of 
the  Nova  on  any  date  in  order  to  apply  the  proper  shade  correction. 
However,  we  were  careful  not  to  put  in  too  many  complications, 
and  for  the  first  month  shade  III  was  always  used,  followed  by  II, 
and  then  I  as  the  star  grew  fainter.  Rather  than  to  attempt  to 
bring  the  Nova  into  the  spectral  class  of  other  stars  we  have  uni- 
formly used  the  shade  values  for  class  Ao  for  the  Nova.  This 
may  introduce  a  variable  systematic  error,  especially  with  shade  II, 
as  the  Nova  changed  in  s])ectrum,  but  the  error  will  not  be  large, 
probably  less  than  a  tenth  of  a  magnitude.  When  the  Nova  was 
observed  both  with  and  without  a  shade  on  the  same  night  no  great 
difference  was  noted. 

In  the  matter  of  comparison  stars,  there  was  the  choice  of  using 
only  one  or  two  objects,  which  would  give  the  most  accurate  results. 
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provided  the  comparison  stars  themselves  did  not  vary;  or  several 
stars  could  be  included,  each  being  used  when  the  correction  for 
atmospheric  extinction  was  small.  We  chose  to  use  several  stars, 
since  an  unknown  or  irregular  variation  of  a  single  comparison 
object  might  vitiate  an  entire  series  of  measures. 

In  Table  III  are  given  the  comparison  stars,  also  their  adopted 
"photo-electric"  magnitudes,  which  were  determined  directly  by 
suitable  measures  here.  In  order  to  compare  these  with  visual 
magnitudes  we  may  apply  the  correction  in  the  fourth  column, 
which  is  simply  0.86  times  the  color-index  of  the  corresponding 

TABLE  III 
CoMP.^RisoN  Stars 


Star 

Photo- 
electric 
Magnitude 

Spectrum 

Color- 
Correction 

Photo- 
electric 
Visual  Mag- 
nitude 

Harvard 

Visual 

Magnitude 

H.-O. 

a  Aquilae 

a  Aquilae,  II 

6  Aquilae 

I  .01 
2-73 
3  19 
3  64 
3?>3 

3  84. 

4  03 
4.46 

5  04 
5-82 

As 

-f    «I2                 0.89 

0.89 

o"oo 

Ao 
Fo 
K2 

.00                 3.19 

+    -24             3  40 
-1-    .92      1        2.91 

3-37          +      18 

6  Aquilae 

7  Aquilae 

0  Aquilae,  III 

rj  Serpentis 

5  Aquilae,  I 

4  Aquilae 

5  Aquilae 

3.44          4-    .04 
2  .  80            —      .11 

Ko 

+    .86           3.17 

342        -{■    .25 

Bs 
Ao 

-    -lo     1       5   14 
.00           5.82 

5.04      -  .10 
5.68      -  .14 

i 

spectrum  class,  as  given  by  Professor  E.  C.  Pickering.'  The  result- 
ing "photo-electric  visual"  magnitudes  should  be  directly  com- 
parable with  the  Harvard  visual  magnitudes,  and  the  differences 
are  given  in  the  last  column. 

The  starting-point  for  the  photo-electric  magnitudes  was  fLxed 
provisionally  by  adopting  i.oi  for  a  Aquilae,  which  comes  from 
the  visual  magnitude  of  0.89.  The  systematic  difference  shown 
in  the  table  is  so  small  that  we  have  let  the  magnitudes  remain 
as  they  are. 

In  Table  IV  are  our  observations  of  the  Nova.  W'Tien  a  shade 
was  used  on  Nova  the  correction  is  noted  in  the  third  column,  a 
blank  meaning  no  shade.  In  the  fourth  column  each  observation 
is  usually  the  mean  of  three  sets  of  measures,  sometimes  only  two 

^Harvard  Annals,  80,  151,  1917. 
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T.\BLE  IV 
Observations  of  Nova  Aquilae  No.  3 


M-l 

^^ 

"o-a 

0 

0 

Date 

G.M.T. 

Shade 

S.2 

C   G 

Is 
■q 

III 

ill 
1^ 

11 

Remarks 

1918  June      9. . . 

i8»'47" 

-2.82 

-1.48 

3  83 

-0.47 

5  set,  clear 

18  57 

-2.82 

-1-55 

3 

84 

-0-53 

5  set,  between  clouds 

10.  .  . 

16  39 

-2.82 

-0.81 

4 

03 

+0.40 

17  00 

-2.82 

-0.80 

4 

03 

0.41 

17  47 

-2.82 

-0.71 

3 

84 

0.31 

. 

18  13 

-2.82 

—0.72 

3 

84 

0.30 

18  58 

-2.82 

-0.50 

3 

64 

0.32 

18  58 

-2   82 

—0.91 

4 

03 

0.30 

19  57 

-2.82 

-0.37 

3 

64 

0.45 

21   14 

-2.82 

+0.48 

3 

19 

0.85 

Nova  fainter 

II.  .  . 

17  38 

-2.82 

—0.61 

4 

03 

0.60 

18  05 

-2.82 

—0.50 

3 

84 

0.52 

18  38 

-2.82 

-0.27 

3 

64 

0.55 

18  38 

-2.82 

-0.66 

4 

03 

0.55 

19  10 

-2.82 

-0.51 

3 

84 

0-5I 

20  17 

-2.82 

+0.20 

3 

19 

0.57 

20  36 

-2.82 

+0.22 

3 

19 

0.59 

12.  .  . 

16  13 

-2.82 

-0.32 

4 

03 

0.89 

17  22 

-2.82 

-0.28 

4 

03 

0.93 

17  56 

-2.82 

—0.12 

3 

84 

0.90 

18  32 

-2.82 

+0.12 

3 

64 

0.94 

18  32 

-2.82 

-0.28 

4 

03 

0.93 

19  08 

-2.82 

—0.07 

3 

84 

0.95 

19  2,3 

-2.82 

+0.13 

3 

64 

0-95 

\'ery  poor 

20  22 

-2.82 

+0.56 

3 

10 

0-93 

20  41 

-2.82 

+0.58 

3 

19 

0.95 

13.... 

16  07 

-2.82 

—0.04 

4 

03 

1. 17 

16  Z3, 

-2.82 

+0.01 

4 

03 

1.22 

17  56 

-2.82 

+0.34 

3 

64 

1. 16 

17  56 

-2.82 

—0.02 

4 

03 

1. 19 

18  29 

-2.82 

+0.20 

3 

84 

1 .22 

18  58 

-2.82 

+0.39 

3 

64 

1 .21 

19  20 

-2    82 

+0.43 

3 

64 

1-25 

19  59 

-2.82 

+0.38 

3 

64 

1.20 

20  25 

-2.82 

+0.83 

3 

19 

1.20 

14.... 

20  II 

-2.82 

+0.61 

3 

64 

1-43 

Poor    sky,    extinction 
0. 10 

IS 

16  13 

-1.68 

—0.67 

4 

03 

1.68 

Discordant,  poor  sk\ 

16  39 

-1.68 

—0.64 

4 

03 

1.71 

Discordant,  poor  sk> 

17  59 

-1.68 

+0.60 

2 

73 

1.65 

Discordant,  poor  sk\ 

19  24 

-1.68 

-0.28 

3 

64 

1.68 

Discordant,  poor  skj 

19  51 

-1.68 

—0.29 

3 

64 

1.67 

Discordant,  poor  sk> 

20  22 

-1.68 

+0.15 

3 

19 

1.66 

Discordant,  poiir  sk\ 

20  49 

-1.68 

+0.  II 

3 

19 

1.62 

Discordant,  poor  sky, 
extinction  0.  lo 

16.... 

17  31 

-1.68 

—0.46 

4 

03 

1.89 

17  55 

-1.68 

+0.82 

2 

73 

1.87 

18  17 

-1.68 

+0.82 

2 

73 

1.87 

19  14 

-1.68 

—0.09 

3 

64 

1.87 

19  14 

-1.68 

-0.50 

4 

03 

1.85 

19  55 

-1.68 

—0.09 

3 

64 

1.87 

PHOTO-ELECTRIC  MEASURES  OF  NOVA  AQUILAE        349 
TABLE  W — Continued 


G.M.T. 


Shade 


"q 


Remarks 


June  i; 


18. 


23- 
30- 

July     I. 


19. 


17  II 
17  29 
17  29 
16  30 

16  52 

17  47 
19  22 

19  22 

20  10 
20  33 

9  03 
9  28 

7  16 

8  20 
8  38 

S  38 

7  15 


6  09 

7  II 

8  26 

9  54 

6  57 

7  29 
857 
6  S3 


26 
23 
24 
50 
54 
43 
19 
51 


55 
17 
52 
44 
35 
9  36 

5  06 

6  58 

7  57 
9  22 

14  58 

16  24 

17  24 


-1.68 
-1.68 
-1.68 
-1.68 
-1.68 
-1.68 
-1.68 
-1.68 
-1.68 
-1.68 
-1.68 
-1.68 
-1.68 
-1.68 
-0.79 
-0.79 


-1.68 
-0.79 
-0.79 
-1.68 
-0.79 
-0.79 
-0.79 
-0.79 


-0.79 


-0.79 
-0.79 


-0.79 
-0.79 
-0.79 


|-o. 
—  o. 


■1.68 


-0.79 


-0.32 
-0.36 

-0.33 
+0.05 
1—0.27 
-0.30 
+  1.04 
+0.02 
-0.30 
+0.08 

+0.55 
+0.28 
+0.63 
+0.48 
—0.42 
-0.08 
—0.65 
-0.73 
-0.35 
—0.02 
-0.81 
-0.85 
—0.42 
—0.41 
—0.20 
-0.25 
+0.12 
-0.38 
—0.02 

+0-39 
+0.26 
+0.23 
— O.II 

—0.17 
+0.22 

-0.39 
—0.20 
+0.20 
—0.40 
—0.41 
-0.08 
+0.23 
—0.36 
—0.36 
+0.48 
+0.08 

-0.57 
-0.56 
-0.15 
+0.18 
—0.40 


•03 

+  2 

■03 

I 

•03 

.64 

2 
2 

■  03 

2 

03 

2 

-73 
.64 

2 

I 

-03 
.64 

2 
2. 

.19 

2. 

03 
.64 

2. 

2. 

■03 

2. 

•03 
.64 

2 
2. 

■03 

3- 

•03 
.64 

3 

3- 

.04 

3 

■03 

3 

•03 
.64 
.64 

3 
3 
3 

.04 

3 

■03 
.64 

2. 
2. 

.04 

2 

•03 
.64 

3- 
3 

■03 

3 

•03 
.^4 

3- 
3- 

•03 
.64 

3- 
3- 

.04 

3 

•03 
.64 

3- 
3- 

.04 

3- 

.04 

3- 

■03 
.64 

3- 
3- 

.04 

3- 

.04 

3- 

■03 
.64 

3- 
3- 

.04 

3- 

04 

3- 

03 
64 

3- 
3- 

04 

3- 

-03 

■99 
.02 
.01 
.08 

05 
.09 
.98 

05 
.04 
.06 
•63 
■59 
•83 
.82 

•77 
•38 
■30 
.29 

•34 
.22 
.18 
.22 

•23 
16 

■99 
■97 
■98 
.22 

•  24 
•50 
■47 
■53 
.86 
.86 
.86 
■83 
■84 
•85 
.84 
■95 
.87 
.89 

89 

72 

72  I 

68 

69 

88 

82 


I  set 
I  set 


5  set 
5  set 


Poor,  smoke? 
Poor,  smoke? 
I  set,  worth  something 

I  set 


I  set 


Ver>'  poor,  smoke 


3  so 
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Date 


G.M.T. 

I5'>2I"' 

i6  37 

14  54 

14  55 

16  08 

17  06 

18  16 

15  32 

IS  56 

16  15 

17  17 

14  41 

15  sz 

17  II 

14  38 

IS  47 

16  40 

18  26 

IS  40 

16  07 

16  42 

17  01 

18  13 

14  51 

15  49 

17  22 

14  SS 

15  22 

IS  42 

IS  40 

17  20 

14  42 

IS  28 

14  52 

15  45 

15  52 

16  45 

18  09 

14  55 

15  20 

15  36 

14  39 

IS  06 

IS  30 

17  04 

14  SI 

IS  20 

IS  43 

17  00 

14  56 

IS  24 

Shade 


c  5  c 


Remarks 


July    20. 

22  . 

27. 
29. 

31- 

Aug.     I . 


M- 


-0.79 
-0.79 


-0.79 


-0.79 


-0.79 
-0.79 


-0.79 
-0.79 
-0.79 


-0.79 


-0.79 
-0.79 


-0.79 


-0.79 


+0.08 
+0.38 
+0.22 
-0.32 
+0.04 
-0.56 

-0.55 

—  o.  17 
+0.20 
+0.24 
-0.38 
— o.  14 
+0.26 

-035 

—0.02 

+0.37 

—0.20 
— o.  17 

+0.84 

+0.01 
+0.26 
+0.23 
+0.24 

+0.48 
+0.08 
+0.30 
+0.45 

—  0.09 
+0.03 
+0.16 
-0.48 

— o.  14 
—0.60 

-0.28 
-0.7s 

+0. 10 

-0.48 
-0.48 

+0.02 

+0.43 

+0.38 

+0.05 
+0.43 
+0.44 
-0.13 

+0.37 

-o.is 

—  o.  14 

+0.17 

—  0.04 
—0.09 


03 

4- 

64 

4- 

03 

4- 

03 

3- 

64 

3- 

04 

3- 

04 

3- 

•03 

3- 

.64 

3- 

.64 

3- 

.04 

3- 

■03 

3- 

.64 

3- 

.04 

3- 

•  03 

4- 

.64 

4- 

.04 

4- 

•  04 

4- 

.64 

4- 

.46 

4- 

.04 

4- 

.04 

4- 

.04 

4- 

•  03 

4 

.46 

4- 

.04 

4- 

•03 

4- 

.46 

4- 

.46 

4- 

.46 

4- 

.04 

4- 

•03 

3- 

.4(5 

3 

•03 

3- 

.46 

3- 

.64 

3 

.04 

3 

.04 

3 

■  03 

4- 

.64 

4- 

.64 

4- 

03 

4- 

.64 

4 

.64 

4 

.04 

4 

■03 

4 

.46 

4 

.46 

4 

.04 

4 

.46 

4 

.46 

4 

90 
90 

01 
01 

05 
08 

48 

47 
51 
48 

49 
SI 
54 
55 
48 
37 
49 
62 
56 
89 
.86 

75 
71 
74 
77 
•77 
•05 
■07 
.02 
.08 
.07 
.08 
12 
.40 
3 

32 
•  42 
42 
•37 


;) 


Moon 


Poor 


I  set 
Poor  sky 
Poor  sky 
Poor  sky 


Very  poor  sky 
I  set 

Poor 


5  Aquilae  faint 
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TABLE  IV— Continued 


G.M.T. 


Shade 


I  0-3 


k 


Aug.  21 

I4''24™ 

14  48 

16  22 

22.  .  .  . 

14  15 

14  45 

15  07 

16  30 

31.... 

14  17 

16  25 

Sept.  I . . . . 

14  06 

14  36 

5.... 

14  39 

15  19 

6.... 

14  14 

8.... 

14  12 

IS  " 

i6.... 

13  49 

14  17 

19.... 

14  23 

14  40 

21 ...  . 

14  48 

15  13 

22. . . . 

14  42 

IS  03 

26.... 

13  53 

27.... 

14  48 

28.... 

14  21 

14  42 

29.... 

13  33 

13  52 

Oct.  3.... 

13  20 

13  40 

5--- 

14  33 

6.... 

13  08 

13  34 

12. . . . 

12  54 

13  15 

14.... 

13  23 

13  47 

IS-- 

12  38 

16.... 

12  55 

13  20 

20. , . . 

12  43 

13  01 

21.  .  .  . 

12  27 

12  48 

27.... 

12  28 

12  56 

28.... 

12  29 

29.... 

12  II 

-0.79 


-0.79 


12    36 


O 
+0 
+0 
+0 

o 
o. 

+0. 
+0. 

— o. 

+0. 

— o. 

+0. 

—  o. 
— o, 

+0. 

— o. 
— o. 
— o. 
— o. 
— o. 
— o. 
— o. 
— o. 
— o. 

+0. 

— o. 
— o. 
-o. 

;+°- 
1+0. 

1+0. 

+0. 

+0. 

+0. 

+0, 

— o 
— o 

+0 
+0 
+0 
+0 
+0 
+0 
+0 
+0 
+0 
+0 
+0 
+0 
+0 
+0 


00 
01 

26 
51 

00 
00 

31 

45 

12 

47 
09 

03 
52 
08 
27 
32 
07 
06 
07 
14 
27 
30 
13 
12 
04 
06 
04 
03 
04 
02 

03 
03 
06 
08 
09 

23 
20 

24 
24 
.26 
,24 

25 

.16 

•  15 
.27 
.27 

■36 

-35 
-34 
-35 
•36 


46 
46 
04 

03 

46 

46 

04 

46 

04 

46 

04 

46 

04 

46 

46 

04 

04 

04 

04 

04 

04 

04 

04 

04 

04 

04 

04 

04 

04 

04 

04 

04 

04 

04 

04 

04 

04 

04 

04 

04 

04 

04 

04 

04 

04 

04 

04 

04 

04 

04 

04 


4.46 
4-47 
4-51 
4-54 
4.46 
4.46 
4-56 
4-91 
4.92 

4-93 
4-95 
4-49 
4-52 
4-38 


Moon  \ 

Moon  / 

Moon 

Moon 

Moon 

Moon  / 

Moon 


4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
5 
4-< 


73 
72 
97 
98 

97\ 
90/ 

77 
74 
91 
92 
.08 
98 
5.00 

5-OI 
5.08 
5.06 
5-07 
5-07 
5-10 
5-12 
5-13 
4.81 
4.84 
5-28 
5-28 

5-30 
5-28 

5  29 

5-20 

5  19 
5-31 
5-31 
5  40 
5-39 
5  38 
5-39 
5-40 


5  faint 


5  faint 


Nova  changed 


Poor  sky 
Poor  sky 
Poor  sky 


3S^ 
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Date 


•is 


<=  5  c 


Remarks 


Nov.    I 


Nov.    4 


12 
24 

29 
Dec.  10 


13  09 

12  07 

12  30 

12  SI 

12  47 

12  47 

12  33 

12  33 

12  69 
12  09 
12  01 
12  01 

II  57 

11  57 

12  00 
12  06 

II  39 
II  42 

II  48 
II  36 


+0.17 
+0.18 
+0.35 
+0.33 
+0.37 

+0-39 
—0.40 

+0.40 
—0.32 
+0.44 
-0.39 
+0.44 

-0.43 
+0.40 
-0.44 
-0.18 

+0.54 
-0.30 
+0.51 
+0.54 
+0.63 


04 

5  • 

04 

5  ■ 

04 

5- 

04 

5- 

04 

5- 

04 
82 

5  • 
5- 

04 
82 

5- 

5- 

.04 
.82 

5- 
5- 

.04 
.82 

5- 
5- 

.04 
.82 

.82 

5- 
5- 
5- 

.04 
.82 

5- 
5- 

.04 

5- 

.04 

5- 

.04 

5- 

Smoke 


Smoke 


I  set 


I  set 


Twilight 


sets,  but  if  less  than  two  that  fact  is  noted  in  the  remarks.  A  set  of 
measures  normally  includes  two  readings  on  the  comparison  star, 
four  on  the  Nova,  and  then  two  on  the  comparison  star  again. 
Three  sets  may  be  secured  in  as  short  a  time  as  fifteen  minutes,  but 
half  an  hour  is  a  better  average  for  all  conditions.  A  half-set 
would  mean  that  for  some  reason,  usually  because  clouds  came 
suddenly,  the  second  pair  of  readings  on  the  comparison  star  was 
not  secured.  It  is  our  usual  practice  to  reject  all  incomplete 
measures  of  this  sort,  but  where  the  choice  is  between  a  perfect  set 
or  nothing  at  all  we  must  take  what  we  can  get.  The  comparison 
star  used  is  identified  by  its  magnitude  given  in  the  fifth  column. 
Each  adopted  magnitude  of  the  Nova,  as  given  in  the  sixth  column, 
was  obtained  by  adding  the  corresponding  numbers  in  the  three 
preceding  columns. 

An  observation  was  marked  poor  when  the  readings  of  a  set  were 
discordant,  which  was  usually  due  to  a  passing  cloud  or  smoke. 
When  the  sky  was  called  poor  it  was  "thick"  but  apparently  uni- 
form, for  onl\-  under  cxtraordinarv  circumstances  would  measures 
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be  undertaken  with  an  uneven  sky.  We  observed  the  Nova  on 
many  occasions  when  conditions  were  unfit  for  our  regular  program, 
but  it  was  felt  that  the  results  would  be  of  value  even  with  errors 
of  several  hundredths  of  a  magnitude.  The  effect  of  the  sky  back- 
ground at  the  time  of  full  moon  is  usually  negligible,  as  the  light 
from  a  star  passes  through  a  diaphragm  which  has  a  field  of  only 
2  .'4  diameter.  However,  when  faint  stars  are  compared  and  a 
shade  is  used  for  only  one  of  them,  the  moon  eft'ect  may  be  trouble- 
some to  determine,  and  these  cases  are  noted  in  the  remarks. 

All  of  the  measures  have  been  corrected  for  atmospheric  extinc- 
tion, but  in  four-fifths  of  the  cases  this  correction  was  less  than 
o'^03,  and  only  twice  did  it  exceed  o^'oy,  these  occasions  being 
noted  in  the  remarks. 

The  accordance  of  the  measures  is  shown  by  the  residuals  given 
by  the  several  sets  in  each  observation,  from  which  we  find, 

Probable  error  of  one  observation  =  ±  0^009 

This  includes  only  the  accidental  errors  at  the  time  of  the  measures, 
and  it  is  better  to  compute  the  probable  error  from  the  residuals 
formed  by  comparing  each  result  in  Table  IV  with  the  mean  for 
the  corresponding  night.     Using  all  measures  after  June  11  we  find, 

Probable  error  of  one  observation  =  ±o^'oi9 

Included  in  this  probable  error  are  all  poor  and  incomplete  measures, 
all  outstanding  errors  in  the  values  for  the  shade  glasses  and  in  the 
magnitudes  of  the  comparison  stars,  and  all  variations  of  light  of 
the  Nova  and  of  the  comparison  stars.  Both  of  the  foregoing 
values  of  the  probable  error  are  larger  than  would  be  tolerated  in 
regular  work  with  this  photometer,  but  the  accuracy  is  quite 
suflicient  to  follow  the  changes  of  the  Nova. 

Our  measures  of  Nova  Aquilae  were  undertaken  to  detect  any 
rapid  changes  of  light,  such  as  are  sometimes  reported  in  the  case 
of  a  new  star.  In  this  we  were  quite  disappointed,  for  although 
the  measures  often  extended  over  four  or  five  hours  there  was  only 
one  night,  June  10,  when  a  variation  as  large  as  o.io  magnitude 
could  be  established.     On  other  dates  there  were  suspicions  of 


354  JOEL  STEBBINS  AND  ELMER  DERSHEM 

progressive  changes  which  will-  probably  fit  in  with  the  course  of 
the  general  light-curve  of  the  Nova,  but  so  far  as  these  measures 
are  concerned  we  may  dismiss  any  notion  of  sudden  and  erratic 
variations  in  the  course  of  an  hour  or  so. 

The  measures  on  June  9  call  perhaps  for  special  mention,  as 
there  is  some  doubt  from  the  estirnates  of  visual  observers  as  to 
how  bright  the  Nova  really  became.  Watch  was  kept  here  during 
most  of  that  night,  but  it  was  only  once  when  the  sky  cleared  for  a 
few  minutes  that  some  readings  could  be  taken.  Although  we 
should  have  been  glad  to  have  had  more  measures,  the  resulting 
magnitude,  —0.50,  can  scarcely  be  in  error  as  much  as  a  tenth  of 
a  magnitude.  This  photo-electric  result  cannot  be  reconciled  with 
\4sual  estimates  of  — i.o  magnitude  or  brighter,  as  the  Nova  was 
not  a  red  star  on  that  date. 

In  photometric  observations  it  is  always  proper  to  suspect 
every  comparison  star  of  light- variation,  and  the  measures*  in 
Table  IV  furnish  good  tests  of  the  constancy  of  the  various  stars 
observed.  The  only  star  that  we  suspect  strongly  is  5  Aquilae, 
which  apparently  was  about  a  tenth  of  a  magnitude  faint  on  one 
or  two  nights,  particularly  on  August  12.  We  do  not  overlook  the 
fact  that  finger  marks  or  a  film  of  moisture  on  the  shade  glass  would 
have  produced  just  the  same  effect,  but  it  is  our  practice  to  wipe  off 
and  examine  both  sides  of  a  shade  every  time  that  it  is  used.  It 
is  therefore  highly  improbable  that  a  dirty  shade  glass  was  the 
cause  of  these  discordances. 

Although  we  managed  to  observe  the  Nova  on  nearly  half  the 
nights  during  six  months,  the  series  is  not  extended  enough  to  make 
a  separate  study  of  the  light-curve,  but  it  is  probable  that  the  magni- 
tudes given  will  conform  nearly  with  the  visual  scale,  so  that  no 
great  difficulty  will  be  found  in  using  these  measures  in  the  general 
discussion  of  the  light-changes. 

The  development  of  the  photo-electric  photometer  has  been 
in  collaboration  with  Dr.  Jakob  Kunz,  and  the  work  described  in 
this  paper  is  a  part  of  that  carried  on  with  the  aid  of  a  grant  from 
the  Draper  Fund  of  the  National  Academy  of  Sciences. 

University  of  Illinois  Observatory 
February  19 19 


Reviews 

A  Treatise  on  the  Sun's  Radiation  and  Other  Solar  Phenomena. 
By  Frank  H.  Bigelow.  New  York:  John  Wiley  &  Sons,  Inc., 
1918.     Figs.  44.     8vo,  pp.  1x4-385.     S5.00. 

This  book  contains  an  account  of  the  further  developments  of  the 
thermodj-namical  theory  of  radiation  which  was  described  in  the  author's 
Atmospheric  Circulation  and  Radiation. 

It  is  well  known  that  when  an  atmosphere  is  treated  as  an  ideal  gas 
stratified  in  such  a  way  that  there  is  indifferent  or  adiabatic  equihbrium, 
the  temperature-gradient  is  determined  by  the  equation 

CpdT^-gdz,  (i) 

where  Cp  is  the  specific  heat  at  constant  pressure,  T  the  temperature, 
z  the  altitude,  and  g  the  acceleration  of  gravity.  In  the  usual  deduction^ 
of  this  equation  use  is  made  of  the  equations 

Pv=RT,  Cp-C,=R,  (2) 

which  are  characteristic  of  an  ideal  gas. 

Recognizing  that  actual  temperature-gradients  are  often  different 
from  the  adiabatic,  Professor  Bigelow  proposes  a  non-adiabatic  scheme 
of  equations  exactly  like  the  foregoing  except  that  Cp,  C,,  and  R  are 
treated  as  quantities  which  vary  with  the  altitude.  The  quantities 
Cp,  Cv  thus  defined  are  still  called  specific  heats,  but  it  is  not  evident 
that  this  is  justifiable,  since  the  usual  proof  of  equation  (i)  breaks  down 
when  the  temperature-gradient  is  not  adiabatic.  If  I  understand  the 
author  correctly,  he  assumes  that  in  a  thermodynamical  change,  which 
takes  place  without  a  change  in  altitude,  the  variations  in  specific  volume, 
V,  pressure,  P,  and  temperature,  T,  are  connected  by  the  relation 

Pdv+vdP  =  RdT, 

but  that  when  in  addition  there  is  a  change  in  altitude  the  correspond- 
ing relation  should  be 

Pdv+vdP  =  RdT+TdR. 

'  Cf.  W.  J.  Humphreys,  "The  Physics  of  the  Air,"  Jaurnal  of  the  Franklin  Insti- 
tute, 184,  161,  1917. 
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The  variation  of  R  with  altitude  is  attributed  to  changes  in  composition 
and  motion  of  the  atmosphere,  to  gravitation,  to  the  emission  and 
absorption  of  radiant  heat,  and  perhaps  also  to  the  density  and  pres- 
sure of  radiation.  When  the  conditions  are  such  that  dR  =  o  the  tem- 
perature-gradient is  adiabatic. 

It  should  be  noticed  that  if,  on  the  other  hand,  R  is  regarded  as  a 
function  of  P  and  v  in  the  equation  of  state  Pv  =  RT,  the  well-known 
equation^ 

^'~^'^^w)p\df).'  (3) 

which  is  valid  for  any  substance,  gives,  when  combined  with  Cp—Cv  =  R, 
the  following  partial  differential  equation  for  R: 

This  equation  evidently  restricts  the  form  of  the  equation  of  state.  A 
complete  integral  is 

R^ci/'P\  (5) 

where  a,  b,  and  c  are  constants  connected  by  the  relation  ab  =  a-\-b.  Thus 
a  possible  equation  of  state  is 

P'vx  =  cT,  (6) 

where  x  and  c  are  constants,  and  a  more  general  equation  compatible  with 
the  foregoing  conditions  may  be  obtained  by  the  method  of  generalization 
employed  in  the  theory  of  partial  differential  equations. 

The  foregoing  relation  is  not  inconsistent  with  Mr.  Bigelow's  funda- 
mental relations 

nk  n_ 

Pi        /Ti\k^  Pi        /TAk-i 


(7) 

which  connect  the  pressures,  temperatures,  and  densities  at  the  top  and 
bottom  of  a  layer,  for  k  is  a  constant,  and  n,  the  ratio  of  the  adiabatic 
temperature-gradient  to  the  actual  gradient,  is  treated  as  practically 
constant  within  a  layer,  a  mean  value  being  actually  used. 

It  should  be  mentioned  that  the  equation  Cp  —  Cv  =  R  is  apparently 
simply  a  hypothesis.     If,  moreover,  Cp  is  regarded   as  an  adiabatic 

'  Cf.  W.  C.  McC.  Lewis,  Physical  Chemistry,  2,  74,  1916. 
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invariant  defined  by  equation  (i),  and  C^  as  a  second  adiabatic  invariant 
defined  by  the  equations  (2),  it  would  seem  that  Bigelow's  theory  is 

essentially  a  development  of  the  hypothesis  that  the  ratio  -^  =  K  is 

constant,  i.e.,  the  same  at  all  levels.  This  hypothesis  is  made,  however, 
with  some  reservation,  for  in  the  computations  it  is  found  necessary  to 
treat  hydrogen  as  monatomic  with  i^  =  f  below  a  certain  level,  but  as 
diatomic  H2  with  K  =  ^  above  that  level. 

Computations  are  made  in  which  the  solar  atmosphere  is  treated 
successively  as  consisting  entirely  of  Hi,  H^,  He,  C,  Ca,  Zn,  Cd,  and  Hg 
respectively.  The  partial  pressures  of  the  different  substances  in  the 
actual  solar  atmosphere  can  of  course  be  obtained  from  the  total 
pressure,  P,  when  the  total  amounts  of  the  different  substances  are 
known. 

A  reference  plane  of  thermal  equilibrium  at  some  unkno^vn  level  in  the 
sun  is  derived  from  the  terrestrial  data  by  multiplying  P,  v,  T,  R,  Cp,  and 
Cv  by  the  factor  7  =  28.028,  which  is  the  ratio  of  the  accelerations  of 
gravity  on  the  sun  and  the  earth.  The  level  of  this  reference  plane 
(P  =  28.028  atmospheres)  occurs  at  very  different  distances  below  the 
photosphere  (P  =  6)  for  the  different  gases  but  is  in  each  case  in  the  iso- 
thermal region,  which  extends  upward  beyond  the  level  of  the  photo- 
sphere and  changes  gradually  into  another  non-adiabatic  region,  in 
which  the  temperature,  pressure,  and  R  decrease  with  the  altitude  down 
to  zero  values.  Below  the  isothermal  region  there  is  an  adiabatic  region. 
The  depth  of  the  isothermal  region  is  great  for  the  light  gases  and  small 
for  the  heayy^  ones.  The  temperature  is  estimated  at  7686?  7  absolute, 
being  nearly  the  same  for  all  the  gases.  The  level  P  =  6  is  also  found  to 
be  the  same  for  all. 

Another  interesting  conclusion  is  that  the  sun's  disk  is  not  an  optical 
effect  but  the  vanishing  level  of  the  heavy  metallic  vapors  under  the 
operation  of  the  prevailing  thermodynamic  conditions.  The  computa- 
tions show  in  fact  that  the  pressures  of  Hg,  Cd,  and  Zn  fall  to  zero  at  a 
comparatively  small  distance  above  the  photosphere.  The  element  Ca 
just  floats  comfortably  upon  the  layers  of  the  still  heavier  gases,  and  it  is 
easily  observed  in  the  spectroheliograph  as  a  surface  phenomenon, 
having  many  configurations  as  in  the  faculae  and  flocculi.  The  lighter 
gases,  especially  He  and  H,  rise  to  great  heights,  the  H  to  the  top  of  the 
inner  corona.  It  is  claimed  that  the  distributions  indicated  by  the 
computations  conform  well  with  the  results  of  the  spectroheliographic 
observations  upon  the  heights  of  the  chemical  elements  in  the  sun. 
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The  author  next  attacks  the  problem  of  the  solar  radiation,  basing  his 
computations  on  the  following  expression  for  the  mean  value  within  a 
layer  of  the  specific  intensity  of  radiation: 

~V,  —  Vo 

\ 

where  Ui,  Uo]  Vi,  Vo  are  the  values  of  the  inner  energ>^  and  specific  volume 
respectively  at  the  two  boundaries  of  the  layer.  The  quantities  Ui  and 
Uo  are  assumed  to  be  connected  by  the  relation 

U,-Uo=iCp^-R.o){Ta-To), 

which  is  an  "adaptation"  of  the  thermodynamical  relation  which  holds 
in  the  adiabatic  case.  As  the  derivation  of  this  formula  is  not  explained 
I  cannot  quite  make  out  whether  or  not  it  involves  the  assumption  that 
the  non-adiabatic  Cp  and  Cp  are  actually  specific  heats.  The  computa- 
tions lead  to  some  interesting  conclusions.  They  indicate  that  the  factor 
c  in  the  formula  (8)  suffers  a  very  large  change  in  value  in  passing  from 
the  isothermal  region  to  the  adiabatic,  while  the  exponent  a  changes 
from  4  to  2 . 4.  It  is  concluded  from  this  that  the  solar  radiation  origi- 
nates in  a  saltum  process  at  the  bottom  of  the  isothermal  layer  and  con- 
tinues throughout  the  isothermal  region  as  black  radiation,  a  result  which 
is  thought  to  be  in  agreement  with  Emden's  conclusion  that  an  isothermal 
atmosphere  of  sufiicient  thickness  emits  black  radiation.  It  is  found, 
moreover,  that  the  gradient  of  the  heat  content  does  not  change  suddenly, 
and  so  it  is  concluded  that  radiation  is  not  a  common  thermodynamic 
process,  as  Planck  assumes.  A  theory  of  radiation  is  then  developed  and 
compared  with  those  of  Planck  and  Bohr. 

The  book  is  frankly  revolutionary  and  challenges  the  results  of 
previous  investigators.  Perhaps  the  most  serious  objections  to  the 
theor\'  are  that  the  number  of  assumptions  seems  to  be  large,  and  that 
many  quantities  which  in  everyday  physics  are  reverently  treated  as 
constants  are  here  regarded  as  variables.  Among  these  we  may  mention 
the  number  of  molecules  per  unit  mass  and  the  constant  k  in  the 
Bollzmann-Planck  relation  between  entropy  and  probability.  This  last 
assumption  is  in  direct  contradiction  with  the  statement  in  Planck's 
Theory  of  Ileal  Rcuiiation  (translation  by  Masius,  p.  119)  that  ^  is  a 
universal  constant,  the  same  for  a  terrestrial  as  for  a  cosmic  system.  It 
should  be  mentioned,  however,  that  according  to  P.  Ehrenfest  {Phil. 
^H-i  33>  5<^>   191 7)  '-lie  relation  S  =  k  log  IF  between  entropy  and 
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probability  has  not  been  definitely  proved  and  has  been  regarded  in 
recent  years  simply  as  a  postulate.  Bigelow's  hx'pothesis  of  a  variable 
k  may  th6n  be  quite  defensible. 

As  a  work  of  imagination  the  book  may  be  compared  with  Planck's 
Theorie  der  Wdrniestrahlung,  for  it  is  a  really  remarkable  attempt  to 
develop  a  type  of  mathematical  analysis  which  is  capable  of  accounting 
for  the  complex  conditions  which  obtain  in  the  solar  atmosphere.  Just 
as  in  the  case  of  Planck's  theory  there  are  many  things  which  are  hard  to 
understand  from  a  strictly  logical  point  of  view,  but  Planck's  theory  has 
been  of  undoubted  value  in  the  development  of  mathematical  physics, 
and  so  it  would  be  unwise  to  reject  the  present  theory  on  account  of  these 
difl&culties.     As  to  the  validity  of  the  conclusions  time  must  decide. 

H.  Bateman 
Throop  College  of  Technology,  Pasadena,  Cal. 
February  27,  19 19 


Mirrors,  Prisms  and  Lenses,  a  Text-hook  of  Geometrical  Optics. 
By  James  P.  C.  Southall.  New  York:  Macmillan,  1918. 
Pp.  xix+579.  Figs.  247.     $3.  25. 

This  book  by  Professor  Southall  ought  to  receive  a  wide  welcome. 
The  war  has  brought  out  too  distinctly  the  error  made  by  the  English- 
speaking  people  in  neglecting  the  optician's  art,  a  neglect  even  more 
marked  in  this  country  than  in  England.  It  is  to  be  hoped  that  this 
volume  may  do  much  to  reduce  this  fault  in  the  future. 

The  book  has  fifteen  chapters,  of  which  the  first  three  deal  with  the 
elementar\-  phenomena  of  optics.  The  following  chapters,  up  to  the 
last,  give  descriptions  of  the  principal  systems,  with  clear  expositions  of 
their  elementar\^  theories  and  of  the  principles  of  their  actions.  An 
admirable  feature  of  the  book  is  the  collection  of  numerous  problems  at 
the  ends  of  the  chapters,  which  should  yield  a  conscientious  student  a 
great  deal  of  accurate  and  available  knowledge  when  he  shall  have  solved 
them. 

The  last  chapter,  which  may  be  regarded  as  necessary  for  a  complete 
view  of  the  optical  art,  is  hardly  simple  enough  to  attach  logically  to 
the  book  up  to  that  point. 

Singularly  few  important  errors  betray  themselves  to  the  reader, 
while  such  as  were  noticed  would  afford  valuable  exercise  to  the  student 
in  detection  and  emendation. 
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One  feature  of  the  presentation  of  the  subject  might  be  worthy  of 
passing  comment.  Since  it  is  practically  impossible  either  to  construct 
an  optical  system  or  to  determine  its  physical  constants  after  con- 
struction to  a  degree  of  precision  greatly  in  excess  of  one  part  in  one 
thousand,  it  seems  unfortunate  to  suggest  to  the  student  that  seven- 
place  logarithms  are  a  proper  auxiliary  to  his  work.  The  labor  of  prac- 
tical application  of  the  theory  to  the  solution  of  problems  of  construction 
is  sufi&ciently  formidable  without  the  drudgery  of  unnecessary  labor  of 
computations. 

C.  S.  Hastings 

Yale  University,  New  Haven 
February  25,  1919 


A  CORRECTION 

The  following  correction  should  be  made  in  the  article  ''  On  the 
Dark  Markings  of  the  Sky"  in  the  number  of  the  Astro  physical 
-if^        Journal  for  January,  49,  i,  1919.     In  the  last  paragraph  on  page  4 
for  No.  160,  ina  =  2i^34"47%  5  =  +55°4i' 

read  No.    150,   in  a  =  2o''47"'47%   5  =  +59°5o'.      The   rest   of   the 
paragraph  is  correct. 

On  the  same  page,  second  paragraph:  the  dark  object  (No.  15) 
in  a=4*'22'"5o%  5  =  +46°2i'  is  really  in  a  dark  part  of  the  Milky 

Way. 

E.  E.  Barnard 

May  8,  1919 
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■  a,  b,  f,  Observations  of  the  zinc  triplet  X4680  in  the  physical  laboratory,  with 
compound  quarter- wave  plate  in  front  of  the  slit  of  the  spectrograph;  inclinations 
of  line  of  sight  to  lines  of  force  are  0°,  60°,  90°,  respectively;  d,  e,  f,  the  same,  with 
compound  half-wave  plate  substituted  for  the  quarter-wave  plate;  compare  with 
Fig.  3  and  /  and  k  of  this  plate. 

g,  Lines  of  force  in  a  sun-spot  near  the  west  limb  on  October  i,  1915;  h,  photo- 
graph of  the  same  spot;  the  numbered  lines  indicate  successive  positions  of  the  slit 
of  the  spectrograph  used  to  determine  the  inclination  of  the  lines  of  force. 

i,j,  k,  I,  Iron  triplet  X6173  photographed  in  spectra  of  various  sun-spots;  i,j, 
circularly  polarized  light,  spot  near  center  of  sun,  observed  with  Nicol  and  (/,  com- 
pound; j,  single)  quarter-wave  plate;  k,  I,  plane  polarized  light,  spot  near  Hmb, 
with  Nicol  and  {k,  compound;  /,  single)  half- wave  plate;  j  shows  reversal  of  polarity 
in  two  adjacent  umbrae  of  large  spot-group  of  August,  1917. 


PLATE  \T 


Photographs  of  Large  Bipolar  Sux-Spot  Group 

a,  Februar>-  9;   b,  February  10;  c,  February  12;  d,  February  13;   c,  February  14,  1917, 
showing  change  in  position  of  the  neutral  line  with  change  in  longitude  of  spot. 
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a,  Sun-spot  photographed  March  9,  1916,  in  longitude  W.  23°,  the  umbra  di\-ided 
by  a  bridge;  b,  iron  triplet  X6173  obser\'ed  with  Xicol  and  compound  quarter- wave 
plate,  the  slit  occupying  the  position  shown  by  the  line  in  a;  the  nearly  equal  inten- 
sities of  the  //-components  in  the  same  strip  of  spectrum  indicate  the  presence  of 
two  fields  of  opposite  polarities;  compare  with  Plate  TVi.  which  shows  the  appearance 
when  only  a  single  field  is  present;  c,  sketch  showing  the  distribution  of  polarities 
for  other  members  of  the  group. 

d,  Bipolar  sun-spot  group  photographed  June  19. 1914;  e.f.  the  iron  hnes  X  6301.7 
and  X6302 . 7  as  shown  in  the  spectra  of  the  three  principal  members  of  the  group, 
with  Xicol  and  (e,  single;  /,  compound)  quarter-wave  plate;  the  configuration  of 
the  lines  indicates  that  the  two  smaller  spots  are  of  the  same  polarity,  but  opposite 
to  that  of  the  largest  spot. 


PLATE  VII  [ 
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a,  b,  c,  Photographic  observations  of  a  multipolar  sun-spot  group  on  August  8, 
191 7,  similar  to  those  described  in  Plate  \'lld,  t\f,  the  spectral  line  in  this  case  being 
the  iron  triplet  \6173;  the  lack  of  definition  in  a  is  due  to  poor  seeing,  together  ^\ath 
the  fact  that  it  is  a  photograph  of  the  image  of  the  group  formed  by  the  150-foot 
telescope,  projected  on  a  card  mounted  above  the  slit  of  the  spectrograph. 

d,  An  enlarged  photoheliogram  of  the  same  group  made  with  the  60-foot  tower 
telescope  on  August  6,  191 7,  under  good  atmospheric  conditions. 
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PLATE  XI 
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Classification  of  ^Iultipolar  Sux-Spots 

a,  Photoheliograms;  b,  Kz  spectroheliograms;  c,  Ha  spectroheliograms;  0y,  an  inter- 
mediate tj'pe,  obsened  August  5,  1915;  7,  July  25.  1917.  Plate  VIIW  shows  the  photo- 
heliogram  of  a  large  and  unusually  complicated  7  group. 


PLATE  XII 


Se\'extv-t\vo-Ixch  Reflecting  Telescope  with  Spectrograph  Attached 


PLATE  XIII 


Spectrograph  with  Temperature  Case  Detached 
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